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resumo 
 
 
Neste trabalho apresentam-se novas metodologias experimentais de análise 
dos mecanismos físicos que controlam a formabilidade das ligas de Al-Mg e o 
encruamento transitório em metais unifásicos.  
Para as ligas de Al-Mg a metodologia baseia-se na combinação entre ensaios 
de tracção com variações de temperatura, mapeamento do domínio de
sensibilidade negativa à velocidade de deformação e tratamentos térmicos de 
recozimento e arrefecimento. Para temperaturas superiores a 120 ºC, o 
coeficiente de sensibilidade a velocidade de deformação (m) depende da gama 
de velocidades de deformação e do valor de deformação plástica para a qual o 
valor é determinado. No domínio de temperaturas negativas -80ºC - -120 ºC, o 
valor de m mantém-se constante e praticamente igual a zero. As diferentes
energias de activação fora do domínio de PLC originam uma transição gradual
de m de um valor positivo para um valor negativo para -100 ºC e abrupta para 
100 ºC. O valor negativo de m resulta da presença de solutos na liga. A
dissolução dos aglomerados de solutos através de tratamento térmico, conduz,
independentemente do valor de deformação plástica, a um valor de m próximo 
de zero.  
Para o estudo de encruamento transitório a metodologia baseia-se na 
comparação entre os comportamentos mecânico e microestrutural de um aço
ferrítico e de uma liga de alumínio. Á temperatura ambiente, os materiais 
apresentam um comportamento semelhante. A temperaturas negativas o
comportamento do alumínio não sofre grandes alterações, enquanto que no
aço ocorre um aumento significativo da tensão de atrito da rede cristalina e a
formação de uma estrutura de deslocações homogénea. Testes mecânicos 
com inversão de carga e alteração brusca de temperatura mostraram que o
mecanismo físico responsável pela estagnação da taxa de encruamento está
relacionado com a natureza das deslocações criadas durante a predeformação
e sua evolução após a recarga. Assim, o comportamento mecânico é
controlado pelas interacções individuais entre as deslocações móveis e os
obstáculos situados nos seus planos de escorregamento. A evolução da
microestrutura desempenha um papel secundário. 
A extrusão em canal permite a obtenção de metais com grão altamente
refinado e com elevada resistência mecânica e formabilidade. No entanto, este
processo é de difícil implementação industrial. A laminagem assimétrica é
bastante promissora para aplicação industrial mas carece de estudos 
complementares que permitam analisar os efeitos produzidos pelas sub-
estruturas. 
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abstract 
 
In this work new experimental methodologies for studying the physical
mechanisms that control formability of aluminium-magnesium alloys and strain 
hardening transient in single phase metals are presented.  
The behaviour of Al-Mg alloys is strongly dependent on temperature since this
parameter controls solute mobility and clustering rate. For analysing the
behaviour of this alloy, we propose an experimental methodology based on
combination of the uniaxial tension tests with temperature, mapping the domain 
of negative strain rate sensitivity, and special combinations of annealing and
cooling. It was shown that at temperatures higher than 120oC, m depends on 
the strain rate differential and the plastic strain at which the readings are made.
In the negative temperature range, -80ºC to –120ºC, the variation of m is very 
slow stay near to zero value in the positive sense of the axis. The variation of m
with temperature suggests that the activation energy for PLC at the low and the 
high temperature ends of the PLC range is different. The transition from
positive to negative m is very gradual at T ~ -100oC, while at T ~ 100oC it is 
quite abrupt. The presence of solute structures was shown to be the reason for
negative strain rate sensitivity of Al-Mg alloys. Dissolving all clusters that may 
exist in the material by annealing, gives an m value closer to zero and not 
depend on strain.  
The analysis of transient strain hardening in single phase metals was carried 
out with a new experimental methodology based on the comparison between
the mechanical and microstructural behaviors of a ferritic steel and a 
commercial purity aluminium. These two materials involve identical plastic
processes at room temperature, but not at low temperature were the related
dislocation substructures are quite different. A temperature drop does not
modify substantially the f.c.c. aluminum substructure but drastically increases
the friction stress and delays patterning of the b.c.c. steel. Strain reversal tests 
coupled to temperature changes revealed that the physical process responsible
for the transient stagnation of strain hardening is related to the nature of the
dislocations generated during the prestrain and their evolutionary law during
reloading. In other words, the mechanical behavior is controlled by individual 
interactions between the moving dislocations and the obstacles lying on their
slip planes rather than to some cell structure evolution.  
Equal channel angular extrusion leads to the improvement of strength and 
formability of metals by grain refinement. However, the process is not adequate
for mass production. On the contrary, asymmetric rolling appears to be a
promising process for industrial applications. However, further studies are
necessary to carried out in order to distinguish between the effects produced by
the sub-grains and actual grains on the crystallographic texture.  
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SYMBOLS AND ABBREVIATIONS 
 
bcc  body centered cubic crystals 
fcc  face centered cubic crystals 
b  magnitude of the Burger vector 
τ  shear stress 
γ  shear strain 
F  applied force 
A  cross-section area 
m  Schmid factor or strain rate sensitivity parameter 
s
cτ   critical resolved shear stress for slip 
θ  strain hardening rate 
RT  room temperature 
α   average intensity of the dislocation interaction 
µ   shear modulus 
τo  friction stress 
ρ  dislocation density 
Λ   mean free path of mobile dislocations 
f(g)  orientation distribution function (ODF) 
( 21 ,, )ϕφϕ  Euler’s angles 
σ  true stress 
ε  true strain 
M   Taylor factor 
ν   Poisson coefficient 
γ&   shear strain rate 
n   strain hardening coefficient 
ε&    strain rate 
PLC   Portevin-LeChatelier effect 
DSA  dynamic strain aging  
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SRS  strain rate sensitivity 
yσ    yield stress 
d  grain size 
r  plastic anisotropy 
FLD   forming limit diagram 
α Schmitt parameter 
SD   shear direction 
ND  normal direction 
TD  transverse direction 
TEM   transmission electron microscopy 
εc  critical strain for the onset of serrated flow 
εf  failure elongation 
ECAE  equal channel angular extrusion  
φ  angle between the two channels of extrusion  
ED  exit direction of billet 
χ angle rotation of the billet after each pass 
IF steel interstitial free steel 
RD  rolling direction 
UD  unchanged direction 
UNI  unidirectional rolling direction 
ALT  alternating rolling direction  
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Chapter 1 - Introduction 
In many important industrial applications, such as aerospace, automotive or packaging, 
economical and environmental concerns have driven the need of lighter but safer 
structures. Moreover, as a result a growing worldwide competitive market, manufactures 
are determined to reduce production costs. High quality attainable products can be 
manufactured with low cost by forming operations where a desired shape is obtained by 
plastic deformation of the material.  
While an extensive effort has been devoted to the development of reliable analytical tools 
and mathematical models capable of simulating the sheet metal forming processes which 
can be of a great value in reducing the tool try-out works, a fundamental role remains to 
the experimental work, due to its terrific power on providing answers to many questions 
which appear when it is tried to understand the behavior of materials. This information 
becomes vital for a good mathematical description and modeling. For this reason, the 
target is to obtain much information as possible, about the physical mechanism manifested 
during plastic deformation. This can be done with rather low cost, by developing 
innovative experimental methodologies.  
The environmental problems associated with the various steps in the life cycles of 
resources, materials and energy recovery determine a need to re-evaluate the ways in 
which natural resources are managed. Concerning the automotive industry, part of the 
overall strategy is to produce lower weight vehicles that mean increased performance, 
reduce fuel consumption and consequently less gas emissions to the environment. 
Therefore, the actual important issues as weight saving, improvement of passenger safety 
and better corrosion resistance has, in the last decades, raised the use of high-strength low-
alloy-carbon steel sheets and aluminium and its alloy sheets in the construction of vehicles 
in the last years. The formability problems encountered in press-forming steel sheets of 
enhanced strength and reduced thickness together with higher standards of corrosion 
protection impose significant constraints on both manufacturing high quality products and 
process reliability.  
The goal of materials scientists and engineers is to develop and improve materials with 
respect to given properties such as elastic modulus, strength, ductility, toughness, 
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endurance and corrosion by a careful design of the microstructure. This can be achieved 
through the knowledge of the physical mechanisms influencing the mechanical properties 
of metals and alloys under linear and complex loading. 
The sheet metal formability is a measure of its ability to be deformed plastically during a 
forming process in order to produce a part with definite requirements on mechanics, 
dimension and appearance. Its strong dependence on both the intrinsic constitutive 
properties of the sheet metal and the extrinsic factors involved in a practical forming 
operation turned the correct choice of these parameters to be one of the main aims in 
modern industry. A good understanding of the deformation processes, of the plastic flow 
localization and of the factors limiting the forming of sheet metal is of key importance in 
monitoring the formability issues.  
The objectives of the thesis are to develop experimental methodologies capable to provide 
a deep understanding about: i) the fundamental mechanisms that control formability of 
aluminium-magnesium alloy; ii) physical mechanisms that are linked to the strain 
hardening transient in single phase metals, specifically commercial pure aluminium and 
low carbon steel; iii) correlation between grain refinement obtained by severe plastic 
deformation and strength and formability. 
In this framework, the outlines of this thesis can be drawn on seven chapters, being the 
Introduction the first one. A Bibliography review which build the Chapter 2, presents 
relevant aspects of the plastic deformation as well as the factors influencing the formability 
of metals. 
Chapter 3 characterizes the materials studied in the present work and the experimental 
techniques used in order to accomplish the proposed goal. Also, the simple shear device 
constructed for this purpose is described. 
Chapter 4 describes methodologies which permit to investigate the physical parameters 
that control the mechanical behavior of AA5182 and that may be optimized to improve its 
formability. To attain this objective, the mechanical behavior of AA5182 was analyzed in a 
wide range of temperatures (-120ºC – 150ºC).  
 2
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In Chapter 5, the scientific aspect is focus on experimental methodology which permits the 
analysis of the influence of dislocation microstructures on transient plastic instabilities for 
low carbon steel and aluminium alloys. In these cases, the materials have been subject to 
forward and reverse deformation histories, coupled with jump temperature, from room 
temperature to -120ºC and vice versa. 
Finally, Chapter 6 is dedicated to new developments and future perspectives in grain 
refinement processes that aim in improving the strength and formability of metals. In this 
context two techniques are presented, specifically, equal channel angular extrusion 
(ECAE) and asymmetric rolling. 
The Final conclusions compose the Chapter 7. 
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Chapter 2 – Bibliography review  
2.1 Plastic deformation of single crystal 
Sheet metal forming operations are predominant in many technical fields, like automotive, 
aircraft and packaging industries. They require the transformation of metallic sheet into a 
three dimensional complex shape by plastic deformation. Analysis of plastic deformation 
of metals requires the study of the response of these materials to externally-applied load. 
The relation between plastic strain and the applied stress is complex and depends on 
various factors such as temperature, applied strain rate and in particular on the 
crystallographic texture and microstructure of the material. Generally, metallic materials 
are composed of a large number of grains separated by grain boundaries. Therefore their 
mechanical behavior is dependent on both intragranular physical processes and the 
crystallographic orientation of the individual grains. In most of the metals, plastic 
deformation occurs at room temperature by dislocation movement. In this case, plastic 
deformation is related to a slip system, i.e. the slip plane {hkl} and the slip direction <uvw> 
in the plane. The slip plane is the plane with the highest density of atoms and the direction 
of slip is the direction in the slip plane in which the atoms are most closely spaced. The 
type of slip systems depends on the type of crystals. In body centered cubic (bcc) metals, 
the slip direction is <111> and the slip plane {110}, {112} and {123}. For face-centered 
cubic crystals, like aluminium, twelve {111}<110> slip system are present. 
 
Figure 2.1.1. The geometry of slip in crystalline materials. 
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The shear stress τs, resolved on a particular slip plane (s) in the slip direction, is: 
sss
A
F
s
sss
s s
βατ coscos=    (2.1) 
Where F is the applied force and A is the cross-section area; β and α are the angles 
between F and the slip direction and the slip plane normal respectively. 
The force necessary to start the slip produced a shear stress value , named the critical 
resolved shear stress for slip. The product  represents the Schmid 
factor. Following the Schmid law [Schmid1924], a slip system (s) is active if the shear 
stress is equal to  and is latent if the shear stress is lower than .  
cτ
m=βα coscos
cτ cτ
2.1.1 Mechanical behavior 
Extensive studies on single crystals deformed under single slip shown that the shear stress - 
shear strain curves can be divided into different stages (figure 2.1.2). The distinction of 
these stages has proved to be very useful since in each of them the deformation is 
influenced differently by the temperature, strain rate and crystal orientation.  
 
Figure 2.1.2 Shear stress – shear strain curves of single crystals of copper deformed at 
various temperatures [Sestak1979].  
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For face cubic centered metals stage I, during which the single crystal is deformed by 
single slip, is characterized by a low hardening rate ( γ
τθ
d
= d ). The end of stage I and the 
beginning of stage II is connected with the activation of considerable dislocation activity in 
another slip system although the contribution of secondary slip to the macroscopic strain 
remains negligible. The activation of both slip systems produced a steep rate of strain 
hardening of the order of µ/200 (with µ being the shear modulus). According to Kocks & 
Mecking [Kocks2003], the hardening coefficient of stage II, θII, is athermal, namely, it is 
practically not influenced by the temperature and strain rate, but it is sensitive to crystal 
orientation. They also consider the existence of an interdependency between the extension 
of stage I and the slope of stage II in the sense that θII  becomes the higher the shorter stage 
I is. Finally, stage III exhibits a decreasing slope and it is very sensitive to the temperature 
and rate of deformation.  
For body centered cubic single crystal, the shear stress – shear strain curves are strongly 
dependent on the temperature and two different regions can be distinguished. Namely, for 
temperatures higher than a critical value Tc the curves present three stages, as in the case of 
fcc materials; for temperatures lower than Tc, stage II is attenuated, leading, as a limit, to 
an inflection point, that at lower temperatures transforms into so-called parabolic 
hardening. Figure 2.1.3 shows the dependence of shear stress-shear strain curves on the 
temperature for iron-α single crystals. 
 
Figure 2.1.3. Shear stress-shear strain curves of iron-α single crystal at various 
temperatures [Sestak1979]; γ&  is the strain rate. 
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In bcc materials, the relationship between the mechanical behavior and the temperature of 
deformations is usually attributed to the specific configuration of the core of the screw 
dislocations. The particular core structure of the screw dislocation induces some 
complexity in the slip geometry [Kubin1982], i.e. a non-Schmid behavior (namely, slip is 
crystallographic and concentrated mainly in {110} planes and to smaller extend in {112} 
planes), a complex orientation dependence of the yield stress (e.g. in tension, in the middle 
of the standard triangle and near [001] the yield stress is lower and near the boundary [011] 
– [111] the yield stress is higher) and a stress asymmetry on {112} planes (e.g. slip is 
easier when its direction correspond to the twinning sense of shear). These characteristics 
are stronger as lower temperature is. Thus, at low temperature the core of screw dislocation 
is extended in 3D, resulting in a strong lattice friction which is overcome by the thermally 
assisted formation of double kinks. The mobility of screw dislocations in range on 
temperature below and above of Tc, can be described as follows [Tang1998, 
Duesbery1998]: At low temperature (below of Tc), where the mobility is governed by 
double kink, only one double kink is present on the dislocation line at a time and the screw 
segment move as straight lines. As kink propagation is relatively easy than kink formation, 
the ratio of non-screw to screw segments mobility is very high. A transition occurs 
gradually, around a “transition temperature” Tc, where the ratio of non-screw to screw 
segment mobilities is decreased under the influence of thermal activation. This is because 
the kink mobility is decreasing and several kinks are simultaneously present on the screw 
segments. At the “athermal temperature” Ta (above of Tc) , the lattice friction is totally 
disappeared by thermal activation. Screw and non-screw segments achieve comparable 
mobilities and shrink upon unloading under the effect of the line tension. At that 
temperature the mechanical behavior is similar to that of f.c.c. crystals. 
Mechanism of hardening on stage II and III 
In a single crystal the flow stress τ strongly depends on the friction stress τo and dislocation 
density ρ : 
ραµττ b+= 0    (2.2) 
with α being the average intensity of the dislocation interaction, µ the shear modulus and  b 
the magnitude of the Burger vector. 
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From previous equation, and considering that α is constant during deformation, the strain 
hardening rate is: 
γ
ρ
ρ
αµ
γ
τθ
dd 2
== dbd    (2.3) 
The evolution of dislocation density with strain is determined by the balance between 
deformation induced dislocation storage rate (dρ/dγ)+ and dislocation annihilation rate due 
to dynamic recovery (dρ/dγ)-. 
−+
⎟⎟⎠
⎞⎜⎜⎝
⎛−⎟⎟⎠
⎞⎜⎜⎝
⎛= γ
ρ
γ
ρ
γ
ρ
d
d
d
d
d
d   (2.4) 
The dislocation storage term, (dρ/dγ)+ writes: 
Λγ
ρ
bd
d 1=⎟⎟⎠
⎞⎜⎜⎝
⎛ +     (2.5) 
where Λ is the mean free path of mobile dislocations and is generally determined by the 
statistical process of dislocations moving through obstacle dislocations called “forest” 
dislocations. Therefore, Λ is taken proportional to the average spacing between the forest 
dislocations that scales with ρ-1/2 :  
ρΛ =
k      (2.6) 
with k being a proportionality factor, which depends on spatial distribution of forest 
dislocations and usually is independent on deformation according to the ‘principle of 
similitude’ introduced by Kuhlmann-Wilsdorf [Kuhlmann1962]. Implementing the last 
equation in (2.5), leads to the following expression of the hardening term: 
ργ
ρ
bkd
d 1=⎟⎟⎠
⎞⎜⎜⎝
⎛ +    (2.7) 
 9
Chapter 2 – Bibliography review  
The softening term arises from the part of the stored dislocation length that is annihilated 
by dislocations of opposite Burger vector. Whereas the probability of the recovery events 
is proportional to ρ, the softening term can be expressed as: 
( ) ργγ
ρ
b
Tk
d
d &,'=⎟⎠
⎞⎜⎝
⎛ −
( )
   (2.8) 
where ,,' &Tk  is a material parameter and is strongly dependent on temperature (T) and 
strain rate ( ) [Essman1979].  
τγ
γ&
Implementing the two last equations in (2.4) leads to: 
( ) ργργ
ρ
b
Tk
bkd
d &,'1 −=   (2.9) 
Therefore, equation 2.3 can be rewritten as: 
( )τγθθθ ,,0 &Tr−=
( )[ ]
   (2.10) 
where θ0 is the athermal component, having a constant contribution to the hardening, and 
θr is the dynamic recovery term, that depends on strain rate, temperature and stress. 
The hardening rate can be evaluated by the product of the stress and hardening rate 
[Mecking1981], namely: 
τγθθττθ ,, &T−=
)(
0 r    (2.11) 
The application of the last relationship in practice, is given in figure 2.1.4, where 
 is plotted for silver single crystal over a wide range of temperatures 
[Mecking1977]. 
ττθ f=
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Figure 2.1.4. Strain hardening of silver single crystal for a wide range of temperature 
[Mecking1977]. 
The initial behavior is tangent to a straight line through the origin for all temperatures 
confirming the existence of an athermal hardening rate θ0. For temperatures lower than half 
of the melting point (i.e. 753K), a hardening stage II is observed, were the data follow a 
straight line for a finite range of stress. With increasing temperature, the data are curved 
from the beginning meaning that stage II is vanishing. 
2.2 Plastic deformation of polycrystals 
The plastic behavior of a polycrystals depends on both the orientation of each grain and the 
dislocation structure within the grains. These two points are described on the following 
section. 
2.2.1 Crystallographic texture 
2.2.1.1 Basic concepts 
The orientation of a crystallite within the polycrystalline sample is described by the 
specification of the rotation g which transforms the sample fixed coordinate system {P} 
into the crystal fixed coordinate system {C} (figure 2.2.1). 
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Figure 2.2.1 The sample fixed coordinate systems {P} and crystal fixed coordinate systems {C}. 
 
Figure 2.2.2 Definition of Euler’s angles. 
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The orientation of the crystal with respect to the polycrystalline sample is usually 
described by the set of Euler’s angles ( )21 ,, ϕφϕ  [Bunge1982]. The physical meaning of 
( 21 ,, )ϕφϕ  is showed in figure 2.2.2. Knowing the crystallographic orientation (g), the 
crystal can be represented by one point in Euler space (figure 2.2.3). The classical range 
for the three Euler’s angles (i.e., πϕ 20 1 ≤≤ , πφ ≤≤0  and πϕ 20 2 ≤≤ ) can be reduced 
because of crystal symmetry and sample symmetry. Consequently, for example, in case of 
cubic crystals without sample symmetry the range are ( πϕ 20 1 ≤≤ , 20
πφ ≤≤  
and
2
0 2
πϕ ≤≤ ). Taking into account the additional orthotropic sample symmetry for 
rolled sheet metals, the subspace is well defined by (
2
0 1
πϕ ≤≤ , 
2
0 πφ ≤≤  
and
2
0 2
πϕ ≤≤ ) [Van Bael1994].  
 
 
Figure 2.2.3 Euler space 
Considering dV(g)/V the volume fraction of crystals having their orientation within dg 
around g, the statistical crystallite orientation distribution function (ODF) f(g) is defined 
as: 
( ) ( )dggf
V
=gdV   with dg=( φsin dφ1 φd dφ2) /(8π2)  (2.12) 
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This expression provides a quantitative description of the crystallographic texture of the 
polycrystal; high value indicating preferred orientation and , whatever g, a 
completely random texture. The calculation of ODF function is made by an appropriated 
mathematical processing from a set of X-ray diffraction pole figures, measured on sample 
with the help of a texture goniometer (figure 2.2.4). 
( ) 1≡gf
 
Figure 2.2.4 Schematic representation of texture goniometer (a) and spherical projection 
illustrating the definition of a pole in reflection R (b) [Kocks 1998a]. 
2.2.1.2 Polycrystal models of plastic deformations 
During plastic deformation of polycrystals, the grains tend to rotate towards stable 
orientations. A grain in a polycrystal is not free to deform plastically as if it was a single 
crystal, for it must remain in contact with, and accommodate the shape changes of its 
neighbors.  
Starting from the state of single crystals, different assumptions have been proposed to 
deduce the state of the corresponding polycrystal characterized by the macroscopic strain 
tensor and the stress tensor. In what follow, some models of plastic deformation of 
polycrystals will be illustrated.  
2.2.1.2.1 Sachs model 
The model of Sachs assumes that the stress in each crystallite is equal to the macroscopic 
stress [Sacs1928]. In each crystal it is assumed that only one slip system is activated, 
namely the slip system (s) with the highest resolved shear stress. According to the Schmid 
 14
Chapter 2 – Bibliography review  
law, this implies that the applied stress (σ) produced a resolved shear stress (τs) equal to a 
critical resolved shear stress (τc), whose value is considered identical for all the grains 
[Kocks1970]: 
cm τστ == ss
−1
  (2.13) 
The behavior of polycrystal is then given by: 
cm τσ >>=<<    (2.14) 
where <m-1> is the average value of the Schmid factors and τc is the resolved shear stress 
for one grain which is representative for the all grains of polycrystal.  
2.2.1.2.2 Taylor model 
The full-constraints Taylor model assumes that the local plastic strain of the various 
crystals is enforced to be all equal to the imposed macroscopic plastic strain. This results in 
the activation of at least five slip systems in each grain to accommodate the macroscopic 
strain. The five slip systems are reloaded with the additional condition that the energy 
dissipated is minimized. This leads to:  
min1
min ⎟⎠
⎞⎜⎝
⎛= ∑
=s
ss
cW γτ
5
s s
   (2.15) 
where  and are the critical resolved shear stress and shear strain in slip system s. cτ γ
Taking into account, the equivalence between internal and external plastic work during 
deformation [Kocks1970], the previous equation convert to: 
 
min11,
⎟⎠
⎞⎜⎝
⎛= ∑∑
== s
ss
cij
ji
ij γτεσ
53
sττ =
  (2.16) 
Considering that the critical resolved shear stress is independent on the slip system (s) and 
strain amount ( ), this leads to: cc
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Ms
s
c
=
⎟⎠
⎞⎜⎝
⎛
=
∑
=
ε
γ
τ
σ min1
5
  (2.17) 
where σ and ε are, respectively, the equivalent von Mises stress and strain; M is the Taylor 
factor for one crystal. 
In a polycrystal, the average value of the Taylor factor M  is obtained by its volume 
average weighted by the ODF function f(g): 
( ) ( )dggfgMM
g
∫=    (2.18) 
Therefore, the macroscopic behavior of polycrystal is describing by: 
cMτσ >=<     (2.19) 
The full-constraints Taylor model, enforce rigorous geometric compatibilities to the 
detriment of stress equilibrium. As long as only macroscopic properties (for example 
stress/strain behavior and global texture development) are addressed and not microscopic 
ones (like occurrence of local heterogeneities), this model is successful. The constraint 
conditions imposed by this approach are sometimes too strict to obtain a good agreement 
with experiment. To solve this problem, the Taylor theory was extended to the relaxed 
constraint model (RC) (see e.g. [Van Houtte 1981, 1986, 1996, Kocks 1998b]), which 
imposes a mixture of local compatibility and local equilibrium, based on grain shape 
considerations. 
2.2.1.2.3 Self-consistent model 
The approach of self-consistent models considers a grain as a solid inhomogeneity 
embedded in a homogeneous infinite matrix subjected to macroscopic loading. All the 
grains are treated successively one after the other, the matrix behavior results from the 
weighted average of the individual contribution of all grains.  
Two main approaches have been proposed during the last decades. In the first one, Kröner 
[Kröner1961] use the Eshelby’s solution of the inclusion problem [Eshelby1957] to allow 
 16
Chapter 2 – Bibliography review  
for elastic accommodation of strain in the matrix. Secondly, Hill [Hill1965] proposes a 
more sophisticated model, also based on the inclusion formalism, which allows for elasto-
plastic accommodation of strain by the matrix. 
The Kröner approach considers that at any given strain of plastic flow, while the 
polycrystal is sustaining the macroscopic plastic strain (E) under the overall stress (Σ), 
every set of grains (r) with the same lattice orientation, average shape and average plastic 
strain (ε) is supposed to undergo the same average back-stress (σ – Σ) as the one sustained 
by an inclusion embedded in an infinite matrix.  
Therefore, for an isotropic polycrystal the Kröner’s interaction equation is:  
( )( )E−−−=− εβµΣσ 12    (2.20) 
where µ is the shear modulus and β is parameter which depends on shape of grain and on 
the elastic properties of the medium. For spherical inclusion, β can be expressed by: 
⎟⎠
⎞⎜⎝
⎛
−= νβ 1
54
15
2 − ν
( )
    (2.21) 
with ν the Poisson coefficient.  
In this case, the plastic strains in the inclusion and in the matrix considered when solving 
the concentration problem are not disturbed by these mechanical elastic interactions. This 
leads to a strong overestimation of these interactions. In fact, the elastic multiplier 
 in (2.20), which is of order of µ, is so high with respect to the yield stress level 
that it leads to almost null plastic strain deviations ( , which makes this model 
coincident with the Taylor model.  
βµ −12
)E−ε
Hill proposes an incremental linearization of the elasto-plastic constitutive equations:  
( )EL && −−=Σ− εσ :H &&     (2.22) 
where LH is called the Hill’s constraint tensor. It depends on the elastoplastic modulus, on 
the shape and orientation of the crystals.  
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While Hill’s model accounts for full anisotropy of the elastic-plastic interactions, 
Berveiller and Zaoui [Berveiller1979] proposed to simplify the interaction law and 
accounted for these interactions in an isotropic way. For monotonic proportional loading 
they propose the follows equation: 
( )( )E&& −−−=Σ− εβαµσ 12 &&
s
s
   (2.23) 
with α the plastic interaction coefficient; it can be seen that for α=1 this model converge to 
Kröner’s model.  
In the models formulated for time independent plasticity [Kröner1961, Hill1965, 
Berveiller1979, Iwakuma1984, Lipinski1990], which is the case of previous models, it is 
assumed that plasticity occurs by crystallographic slip which is a dislocation controlled 
process. Since this process is inherently time dependent, it is reasonable to extend crystal 
plasticity theory for time dependent plasticity (viscoplasticity) [Rice1971, 
Hutchinson1976]. In the time dependent formulation, all slip systems are assumed active. 
This resolves the problem of selecting the set of active system that is inherent to the time 
independent plasticity. The viscoplasticity is achieve by introducing a simple power-law 
micro-constitutive relation that expresses the shear rate, , of each slip system (s) as a 
function of the corresponding resolved shear stress, : 
γ&
τ
n
γ sτ
s
s
s ⎟⎟⎠
⎞
⎜⎜⎝
⎛=
0
0 τ
τγγ &&      (2.24) 
where is a reference shear rate,  is the critical resolved shear stress on the system (s), 
and n is the inverse strain rate sensitivity coefficient. 
0& 0
The development of numerous polycrystal models is motivated by interplay between 
texture and anisotropy of polycrystalline materials. Such models permit a good prediction 
of the evolution of anisotropy, texture and hardening during plastic deformation of an 
aggregate of anisotropic grains.  
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2.2.2 Dislocation structure 
During plastic straining the slip systems with the highest resolved shear stresses are 
activated and mobile dislocations will move on the respective planes. After a certain 
amount of plastic deformation the dislocations arrange themselves in well organized 
dislocation structures [Kuhlmann1989]. Figure 2.2.5 shows schematic dislocation 
structures in a grain that lead to grain subdivision, deformed at a) low to moderate strain 
and b) large strain [Bay 1992, Doherty 1997]. In this subdivision, the cell defines the 
smallest volume element, followed by cell block comprising various cells surrounded by 
long flat dislocation boundaries. Single walled dense dislocations walls (DDW) and 
doubled walled microbands (MB) define the long flat boundaries for low strains. Lamellar 
dislocation boundaries (LBs) become visible at large strains, as a substitute for the (DDW) 
and (MB). 
 
Figure 2.2.5 Schematic representation of grain division during plastic deformation. 
The shape and size of the dislocation structure depend on the deformation mode through 
the distribution of slip on the active slip systems, on the material and on the working 
conditions. For example, previous works developed on steel and copper [Fernandes1983, 
Gracio1989, Gracio1992] argued that for one or two slip systems activity, the dislocation 
substructure is characterized, respectively, by one or two families of straight dislocation 
walls parallel with the traces of the slip planes with the highest activities, while for three or 
more slip systems activity, the substructure is composed of equiaxed cells. A concise way 
to show the influence of various parameters on structural development is a “structural 
map” plotted by Rauch [Rauch2000], i.e. figure 2.2.6. 
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Figure 2.2.6 The influence of different parameters on type of microstructures development 
during plastic deformation of low carbon steel. [Rauch2000] 
The parameters considered in the map are on the one hand related with structure and on the 
other hand are related with the number of active slip system which depends of the 
experimental or material conditions.  One of this parameter, i.e. the cross-slip and climb 
appears in both axes; as explain by the author [Rauch2000], this happened because the 
pattering effect (i.e. the interaction stresses between remaining dislocations is increase) and 
number of slip system (i.e. the virtual number of slip system is increase by extracting the 
segments from their slip plane) are both depended on this parameter. A complete 
description of the map is given in [Rauch2004]. 
A short description of typical substructures that take place during plastic deformation will 
be now given and illustrated with observations on low carbon steel. The structure depends 
on the deformation mode. TEM micrographs of low-carbon steel monotonic deformed at 
room temperature reveal a heterogeneous distribution of dislocations. The substructure 
observed during moderate strains (Stage III) consists of cell blocks which are sometimes 
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divided further at a smaller scale into irregularly shaped structures capturing statistically 
stored dislocations. During uniaxial tension, parallel dislocation sheets roughly aligned 
with a plane of high slip activity, which generally makes an angle between 30° and 65° 
with the tensile axis, appear in most of the grains [Fernandes1983].  
 
Fig. 2.2.7 TEM micrograph of a low carbon steel after 100% monotonic simple shear in 
longitudinal plane view [Rauch 1989]. 
The intragranular microstructure developed during simple shear is quite similar, i.e. in 
most of the grains only one family of dislocation sheets develops, which are initially either 
parallel or perpendicular to the shearing direction [Rauch 1989]. The cells are frequently 
elongated in one of these directions due to the fact that the Schmid factor is maximum for 
planes parallel or normal to the shearing direction [Rauch 1991].  
The fact that dislocations possess a mechanical ‘charge’ (sign of Burgers vector) leads to a 
polarization of the dislocation sheets during plastic deformation, i.e. an excess of mobile 
dislocations of one sign is stopped at one side of the sheet, and of the opposite sign on the 
other side of the sheet [Kocks1975, Hasegawa 1979, Kocks1980]. 
A particular attention is paid for the evolution of the structure during strain reversal tests. It 
is well know that the previously developed cell structure is dramatically modified when the 
strain is inverted. Figure 2.2.8 shows the dissolution of the previously constructed 
dislocation walls upon strain reversal [Rauch1991]. The amount of reverse strain, which is 
necessary for the partial dissolution of the substructure, increases with the prestrain 
[Christodoulou1986]. As soon as the previously formed structures have been eliminated or 
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at least unpolarized, the dislocation sheets will be polarized again corresponding to the 
current deformation path [Rauch 1991]. 
 
Figure 2.2.8 TEM micrograph of a mild steel after 5% reverse shearing with 34% of 
preshear [Rauch1991]. 
2.3 Factors influencing sheet metal formability 
Formability is a measure of the material ability to deform plastically during a forming 
process. The objectives are to produce a part with definite requirements on mechanics, 
dimension and appearance. The formability in industrial production is a complex issue and 
it is dependent on both the intrinsic properties of the sheet metal and the extrinsic factors 
involved in a practical forming operation. One of the most important objectives in the 
development of automotive materials sheet is the combination of strength and formability. 
Formability is required when the sheet is shaped into an automobile body panel, and high 
strength is required after assembly. A good understanding of the deformation processes, of 
the plastic flow localization and of the factors limiting the forming of sheet metal is of key 
importance in monitoring the formability issue. Therefore, the main factors which 
influence the sheet metal formability will be presented. 
2.3.1 Strain hardening behavior 
Strain hardening, or work hardening, is a natural consequence of most working and forming 
operations. This characterize the ability of the material to strengthen or harden with 
increasing strain level. During plastic deformation, a region undergoing thinning can resist 
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further deformation by virtue of strain hardening and can spread deformation to its 
neighboring regions, thus promoting more thinning. Two parameters are used for the 
description of the strain hardening behavior. One of them was already defined by eq. (2.3), 
namely strain rate hardening (θ) and the second one is strain hardening coefficient, n, defined 
as: 
ε
σ
ln
ln
∂
∂=n                                (2.25) 
These parameters are used for various hardening laws for describing the materials behaviors, 
as for instance, Hollomon (eq. 2.26), Swift (eq. 2.27) and Voce (eq. 2.28) laws: 
nKεσ =                                       (2.26) 
( nK εεσ += 0 )
)
                           (2.27) 
( εσ CBA −−= exp                    (2.28) 
Where K, ε0, A, B and C are constants.  
The strain hardening is dependent on temperature and is important to control the 
formability. For example, in case of aluminium deformed at cryogenic temperature, its 
elongation increases with decreasing temperature, and also its strain hardening rate 
increases in this condition. For increasing temperatures, the total elongation increases but 
the uniform elongation as well as strain hardening rate decrease. On the contrary, for steel 
deformed at cryogenic temperatures, the strain hardening decreases with decreasing 
temperature. The most important factor in determining the distribution of strain prior to the 
onset of diffuse necking is n. A good formability of sheet requires a high n value.  
For example, for uniaxial tension, the limit of uniform elongation can be calculated from 
the well-known Considère condition, expressed by the eq. (2.29) and represented in figure 
2.3.1 as the intersection point between the strain rate hardening curve with the line θ=σ . 
σε
σ =
d
d    (2.29) 
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Figure 2.3.1 Determination of real tension corresponding to maximum applied force (Fmax). 
If is used the Hollomon hardening law (2.26) to describe the stress-strain curve ( σ = f(ε) ), 
the Considère condition (2.29) leads to:  
n=ε    (2.30) 
Consequently, the uniform deformation is directly depended of strain hardening coefficient 
of the materials.  
2.3.2 Strain rate hardening behavior 
Most materials are sensitive to the rate of deformation. This behavior is reflecting by strain 
rate sensitivity parameter, defined as [Estrin1991, Ling1990, Kubin1990, McCornick1988]: 
εε
σ
&ln∂
∂=S                                         (2.31) 
Where ε&  is strain rate, define as cross-head speed (v) divided by gauge length (L) of the 
sample: 
L
v=ε&                                               (2.32) 
As in case of strain hardening, an alternative parameter can be defined, namely strain rate 
sensitivity coefficient: 
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εε
σ
&ln
ln
∂
∂=m                                          (2.33) 
The last one is frequently used, because it is a constant for a material following Cottrell-
Stokes strain rate hardening law, so that: 
mF εεσ &)(=                                          (2.34) 
Where F(ε) is a function of strain. In the literature, the strain rate sensitivity usually refers 
to m value. It is clear that strain rate sensitivity is the variation of flow stress with the 
variation in strain rate.  
For a strain rate sensitive material, the Considère condition applied to (2.33), where F(ε) is 
Hollomon law, leads to: 
1=+ ε
ε
εε d
dmn &
&     (2.35) 
Taking into account (2.32), the last eq. leads to: 
1
L
v
d
dv
L
1mn =⎟⎠
⎞⎜⎝
⎛ −εε+ε &   (2.36) 
For a constant cross-head speed, the uniform deformation is given by: 
m
n
+= 1ε     (2.37) 
A positive value of m lowers the growth rate of strain and strain rate gradients after the 
onset of instability like diffuse necking, whereas a negative value of m would accelerate 
the strain localization. 
While the strain rate sensitivity can affect the flow stress, its effect on ductility is far more 
important. While a higher strain rate sensitivity slightly increases the strain at which the 
material starts to neck, it can considerably extend the ductility by stabilizing the neck. This 
is because the strain rate in the necked region increases as the specimen begins to neck. 
The strain rate sensitivity causes the increase of stress in this region and thus the neck 
stabilizes and ductility is extended. So while the strain hardening index was a measure of a 
material's resistance to the onset of instability, the strain rate sensitivity is a measure of its 
resistance to necking.  
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2.3.3 Flow instability  
In a forming process, deformation localization can occur leading to the failure of the sample. 
Localized necking or fracture are the ultimate cases where  mechanical failure limits the 
formability. Besides that, exist other cases in metal forming that affect or limit the 
formability, though mechanical integrity is maintained during forming. Such cases include 
orange peel effect resulting from inhomogeneous deformation in materials with coarse 
grains, looper lines (i.e. parabolic lines on the deep-drawn cups) resulting from irregularities 
in the structure of the metals or Lüders lines that are of two different types :   
• Type A Lüders lines is associated to a plateau on the load-extension curve arising 
just after yielding. They appear on annealed or heat treated solid solution alloys, 
such as aluminium-magnesium and low carbon steel. It is very similar to that 
observed in some steel being associated with stretch-forming operation. This 
plateau occurs with load drop at the onset of plastic flow. It is associated to 
localized deformation in thin bands. The latter are associated to undesirable marks 
on the stretch-forming operation. A substantial plateau may result in unfavorable 
strain concentrations at the early stage of forming operation. Although there is no 
impairment of properties in parts with Lüders markings, the markings may prove 
esthetically disagreeable [Hatch1984]. Therefore, to prevent de formation of type A 
Lüders lines during forming, special heat treatment are used.  
• Type B Lüders lines associated to serrated flow behavior or Portevin-LeChatelier 
(PLC) effect was firstly observed by Portevin-LeChatelier [Portevin1923] in Al-Cu 
and Al-Mg-Si alloys; it is considerate to be a macroscopic manifestation of 
dynamic strain aging (DSA). Dynamic strain aging occurs when solute atoms 
migrates by diffusion at a rate comparable with the average velocity of mobile 
dislocations and is both temperature and strain rate dependent. The PLC effect 
produces parallel lines on the specimen surface [Phillips1953]. These Lüders lines 
appear as diagonal bands oriented approximately 50º to the tension axis. The bands 
form all along the calibrated part of the sample during stretching and increase in 
number as stretching progresses. The flow instability associated with these bands, 
appears as a series of serrations that continue until necking of the specimen. Failure 
is usually related to a Lüders band. An important parameter is strain rate sensitivity, 
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m, because for the occurrence of PLC effect, a negative m is necessary 
[McCormick1986, McCormick1988 and Li1995]. Hence, the appearance of 
serrated flow is an indication that the material has a negative value of m. Aluminum 
formability studies show that there is a strong relation between the PLC effect 
(accompanying by the negative strain rate sensitivity) and formability, namely the 
formability increase with increase m, i.e. serrated flow decreasing and eventually 
disappear. 
2.3.4 Composition / Alloying 
The chemical composition of an alloy determines its thermodynamic characteristics e.g. 
phase diagram, which forms the base of the crystal structure, the solubility of certain 
elements, the existence of possible phases, etc. For example, in case of aluminium alloys, 
some solute elements have particular interaction energies with dislocations and hence they 
possess particular sensitivities to such behavior as dynamic strain aging, which, as 
mentioned above, will limit the formability of the alloy. It is known that, aluminium sheet 
usually fail by localized necking or by ductile fracture. For that reason, the alloys were 
developed, in order to improve the formability and functional characteristics, such as 
strength and ease of machining.   
The main alloys that are strengthened by alloying elements in solid solution are those in 
the aluminium magnesium (5XXX) series, in which the Mg content range from 0.5 to 
6wt%. Figure 2.3.2 show the effect of magnesium in solid solution on the yield strength 
and tensile elongation for various aluminum-magnesium alloys. The reduction in forming 
limit produced by additions of magnesium appears to be related to the tendency of the 
solute atoms to migrate to dislocations. This tends to increase work hardening at low 
strains, where dislocations are pinned by solute atoms, but produces a decrease in work 
hardening at large strains.  
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Figure 2.3.2 Correlation between tensile yield, elongation, and magnesium content for some 
commercial alloys [Morris1982]. 
2.3.5 Grain size 
It is well know that the formability of metals classically used in sheet forming, such as 
aluminium alloys and low carbon steels, depends on their grain size. The influence of grain 
size on the formability during complex strain paths have been studied by various authors, i.e. 
[Duarte 1995, Bacroix1999] for aluminium alloys, [Gracio1989,1994] for copper and 
[Lopes2001] for low carbon steel. Generally, a decrease in grain size produces an increase in 
yield stress, which can be expressed by a generalized Hall-Petch relationship: 
d
k
y += 0σσ                        (2.38) 
Where yσ  is yield stress, d is grain size, 0σ  and k are material constants. This relationship is 
valid for any grain size above 50 nm for sample in which geometrical size (i.e. thickness, 
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diameter) is much larger that the size of its grains, i.e. provided the deformation of the 
majority of the grains is constrained by the compatible deformation of several layers of other 
grains [Masumura1998, Khan2000, Aldazabal2004]. 
On the other hand, the materials ductility at room temperature, generally decreases with 
decreasing grain size. For example, the results of [Lopes2001] on low carbon steel show a 
reduction of uniform deformation for sample with grain size equal to 20µm comparatively to 
samples with 40µm and 80µm, about 20% and 30% respectively. Lopes concluded that the 
decrease of uniform deformation with decreasing grain size is a direct consequence of more 
accentuated decrease of work hardening rate associated to dislocation accumulation during 
plastic deformation. 
However, at high temperature, due to the diffusion processes which are enhanced when the 
grain boundary area is increased (as results of grain refinement), ductility is promoted. 
Therefore, superplastic behaviour can be obtained for submicronic grains (see for example 
fig. 2.3.3). 
 
Figure 2.3.3 Examples of high superplastic elongations in specimens with equiaxed grain 
size of 0,3~0,4 µm, obtained by Equal-channel angular pressing at 370º C; the upper 
specimen is untested [Islamgaliev2003]. 
Besides of yield stress and ductility, the grain size influenced others factors on mechanical 
behavior. For example, the critical strain for the onset of the serrated flow characteristic to 
Al-Mg is dependent of grain size [Wagenhofer1999]. Figure 2.3.4 shows the dependence 
of the critical strain with the reciprocal square root of grain size determined for two 
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different strain rates, namely 0.36 and 10-3 s-1 (fast and low, in the picture). The compared 
grain sizes are 13, 35 and 61µm. Independent of the strain rate, the critical strain increases 
with increasing grain size (from 35µm to 61µm). For the smaller grain size (13µm), the 
critical strain is relatively small and is equal for both strain rates. In this case, the critical 
strain is difficult to distinguish from the yield point behavior.  
 
Figure 2.3.4 Variation of critical strain for the onset of serrated flow with grain size for AlMg 
5086, after [Wagenhofer1999]; fast and slow strain rate are respectively 0.36 and 10-3 s-1. 
2.3.6 Plastic anisotropy 
Anisotropy of metals is a macroscopic effect of texture and microstructure evolution 
during plastic deformation, manifested on variation of mechanical properties with the 
direction. The anisotropic plasticity can be expressed by r value, defined as the ratio 
between the true plastic strains in the direction of width and thickness. The value of r is 
determined from uniaxial tensile test as: 
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33
22
ε
ε=r   (2.39) 
Where 22ε  and 33ε  are the width and thickness strains (see figure 2.3.5 for details): 
0
22 ln w
w=ε  and 
0
33 ln t
t=ε   (2.40) 
Where (w0 and w) and (t0 and t) are, the initial and final width and thickness, respectively, 
 
Figure 2.3.5 Tensile test specimen showing strain directions and definition of test 
orientation relatively to rolling direction. 
 
Two types of anisotropy are distinguished, i.e. planar (∆r) and normal ( r ) anisotropy 
(figure 2.3.6). In the first one, the material properties differ with direction within the plane 
of the sheet, while for the second, i.e. normal anisotropy, the properties measured in plane 
differ from those measured in a direction normal to the plane. Therefore, both type of 
anisotropy can be calculated as follows: 
2
2 90450 rrrr
+−=∆ ,    (2.41) 
4
2 90450 rrrr
++= ,   (2.42) 
where r0, r45, and r90 are the r value for 0º, 45º and 90º to the rolling direction. 
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The normal anisotropy is related to deep-drawing. The higher the value of r  allows the 
higher the drawability, and the greater the obtained drawing depth. The planar anisotropy 
is related to earing; ∆r > 0, produce earing in the 0º and 90º, ∆r < 0, produce earing in the 
45º and no earing occurs when ∆r = 0. Figure 2.3.7 show the effect of change in  on deep 
drawability for material with planar anisotropy. 
r
 
Figure 2.3.6 Representation of planar ∆r and normal  anisotropy. r
 
Figure 2.3.7 Effect of r  on formability for positive values of ∆r. 
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The control of macroscopic anisotropy in metals is very important. Many studies have been 
conducted to understand the effect of textural and microstructural parameters on the 
macroscopic anisotropy in metals sheets or plates. For example, Lopes at al. [Lopes2003] 
proved that the main contributor to the anisotropic hardening behaviour of AA1050-O (as 
results of that, the 45º uniform elongation is about 30 and 25 % higher than the 0 and 90º 
uniform elongation, respectively) is the crystallographic texture and its evolution with 
strain. Their affirmation is based on the numerical simulations of crystallographic texture 
evolution using a self-consistent visco-plastic polycrystal model which were able to 
qualitatively predict the main feature of the pole figures after deformation and the 
anisotropic strain hardening trends observed experimentally.  
Since the macroscopic anisotropy depends on texture and microstructures, it is believed 
that is possible to control the variation of anisotropy by controlling the two components. 
For example, improvement of - value of IF steel from 1.678 to 2.316 is feasible by 
change the texture during the hot-rolling process [Wang2001]. 
r
The anisotropy can be classify as a function of its origin in initial anisotropy resulting from 
the thermo-mechanical processes involved in sheet metal production, i.e. crystallographic 
texture and intragranular dislocation structure, and induced anisotropy, that takes into 
account the changes occurring during the deformation (complete rapport about this subject 
is given in [Rauch1998]). 
To conclude, the anisotropy of the mechanical properties plays a vital role on the material 
behaviour during forming processes and consequently in its formability. Numerous yield 
functions [Hill1990, Barlat1989, Barlat1991, Barlat1997, Cazacu2003, Barlat2003] were 
introduced in order to improve the accuracy on describing the material anisotropy. 
Moreover many constitutive models [Boehler1991, Dafalias2000, Troung2001] which 
describe the evolution of plastic anisotropy were developed. Future improvements are 
expected to result from more advanced material models that combine the advantages of 
phenomenological material description with the most important physics-based aspects of 
plasticity. Whereas the phenomenological approach counts with the mechanical response 
of the material for a given deformation, the understanding of the physical mechanisms of 
the deformation process is the goal of the physical approach of the theory of plasticity.  
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2.3.7 Change of strain path 
Generally the forming processes involve complex loading paths under single or multiple 
steps operations. For instance, deep drawing of an axisymmetrical cup leads to pure shear in 
the flat followed by bending and unbending over the matrix radius and finally to plane strain 
along the cup walls. Therefore, a material element may undergo considerably large changes 
in strain path, and these changes can significantly alter the sheet metal formability. The 
effect of strain path change on sheet metal formability is better put on evidence through the 
forming limit diagram (FLD) concept (figure 2.3.8), the most advanced and realistic concept 
for  characterizing the formability of sheet metal. FLDs show the combination of major and 
minor in-plane principal strains beyond which failure occurs. 
 
Figure 2.3.8 Various strain paths and position of forming limit curve 
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Nakazima et al. [Nakazima1968] and Kikuma and Nakazima [Kikuma1971] presented 
forming limit curves for several two-stage strain paths, even today remaining as an 
important reference on the experimental data. They have shown that the maximum curve is 
observed in uniaxial tension followed by equibiaxial stretching, while the minimum one is 
obtained for the opposite sequence (Figure 2.3.9).  
 
Figure 2.3.9 Forming Limit Diagram under complex strain paths  
obtained by Kikuma and Nakazima [Kikuma1971]. 
 
Numerous other experimental works [Hecker1973, Kleemola1977, Gronostazski1982, 
Chu1983 and Graf1993] emphasized the strong effect of the strain path and of the loading 
history on the forming limit diagrams. It has been shown that uniaxial prestrain followed 
by balanced biaxial stretching considerably increases the limiting strains at the onset of 
necking. Conversely, premature instabilities were observed for strain paths consisting of 
prior balanced biaxial stretching followed by uniaxial tension. Hoferlin et al. 
[Hoferlin1998] and Hiwatashi et al. [Hiwatashi1998] remarked, the uniaxial tension 
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reloading after the biaxial prestrain presents a work softening phase whose severity 
increases with the amount of prestrain. Such cross effect, as Rauch and Schmitt 
[Rauch1989] in their experimentally work suggested, results from the interaction between 
currently active slip systems and the previously formed dislocation structure and is 
described for example by the microstructural hardening model of Teodosiu and Hu 
[Teodosiu1995]. The decrease of the work hardening caused by the ulterior microband 
formation is responsible for the severe drop of formability, especially when the magnitude 
of the biaxial prestrain is high.  
The influence that strain path changes produce on the dislocation substructure and the stress-
strain curve depends on the amplitude of the applied change. To characterize this amplitude, 
Schmitt et al.  [Schmitt 1994] used a parameter α : 
εε
εεα
dd
dd
p
p ⋅=                                     (2.43) 
Where dε and dεp represent, in vector form, the plastic strain tensors just prior to and after 
the strain path change. It is evident that α can vary from –1, i.e. a reverse test, to 1, i.e. a 
monotonic test. A strain-path change corresponding to α = 0 is called a cross test. Usually, 
in spite of simplicity of the definition of α (eq. 2.43), this parameter characterizes well a 
change of strain path, and appears to be correlated with the changes observed in the 
microstructure (i.e. the experimental data obtained from different strain-path changes with 
the same α value shows a non-identical but similar tendency, hence confirming that the 
parameter characterize properly two-stage strain-path changes [Bacroix1994]). 
Nevertheless, there are cases where α alone does not appear to be sufficient. For instance, 
for biaxial stretching followed by uniaxial tension or the reverse sequence in pure 
aluminium, sequences for which α is the same, it has been reported by Baudelet et al. 
[Baudelet1978] that the microstructure was preserved when uniaxial tension followed 
biaxial stretching whereas, for the reverse strain path sequence, it was dissolved.  
As already mentioned before, strain-path changes lead to macroscopic transients effects on 
stress-strain curves. Two types of transients are usually observed during strain-path 
changes, namely, type 1 transient which corresponds to a lower initial flow stress 
accompanied by an increased hardening rate, and type 2 transient which corresponds to an 
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increased initial flow stress accompanied by a reduced hardening rate [Wagoner1983, 
Rauch1989, Wilson1990]. Elaborate studies were published particularly on two-stage 
strain paths (see overviews, e.g. [Aernoudt1987, Teodosiu1992, Teodosiu1996]). One of 
the notable features of the stress-strain curves during such experiments is that only 
transient changes in the curves are introduced. In other words, the softening/hardening 
effects appear to vanish eventually and the curves tend to saturate towards the monotonic 
curve characteristic of the new strain mode. Thus, it has been shown [Rauch1989] that in a 
change of deformation mode, after 15% to 20% equivalent von Mises strain in the new 
mode, the initial plastic behaviour in low-carbon steels is completely replaced by the 
induced behaviour of the new deformation mode (this observation depends on the 
prestrain). However, enhance ductility will result if hardening is increased, but 
unfortunately, softening is often promoted and gives rise to premature failure. The 
correspondence between transient hardening and structural or textural evolution is not 
unique. For instance, in case of steel, plastic instability has a structural origin, i.e. 
microbands formations (which are intragranular bands parallel to the slip planes, figure 
2.3.10) produced steps at grain boundaries which indicate strain localization. Microbands 
were observed just for so-called orthogonal test, i.e. when previously latent slip systems 
are activated at reloading [Rauch1992]. Lopes et al. shows that the transient hardening of 
steel is entirely related to structural transformation, since the Taylor factor is 
approximately constant. On the contrary, for pure aluminium, plastic instability has a 
textural origin, softening occurring when Taylor factor decreases [Lopes1999].  
However, investigations of the mechanical behaviour after change of strain path demand 
both microscopical observations and texture measurements to analyse properly the 
underlying physical processes which permit to develop models to describe better and better 
material behaviour. In the meantime, a lot of energy is spend on the optimization of sheet 
metal forming processes through the use of numerical simulation which is a key factor to a 
continuously increasing requirement for time and cost efficiency, for quality improvement 
and materials saving. For instance, on FLD field, the code recently proposed by Butuc 
[Butuc2004] is remarkable by its ability to be adapted for any new refined material model 
that could be further developed with the purpose of describing the improved performances 
of new generation of sheet metals. 
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Figure 2.3.10 Low-carbon steel sample predeformed in traction to 20% and subsequently 
shear to an amount of shear of 12% in a direction SD making 90° with the tensile direction 
TnD (cross test). Microbands are clearly distinguishable from the previous tensile 
microstructure [Rauch 1989]. 
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3.1. Materials used 
 
The selection of the materials used in the present work is made taking into consideration an 
analyze of concrete undesired effects which appears on the industrial processing 
applications, namely negative strain rate sensitivity and transient behavior on reverse 
loading. It is known that the mechanical behavior of the material depends both on its own 
properties (i.e. chemical composition, structure, texture) and forming conditions (i.e. 
temperature, strain rate, loading paths, etc.). The proposed experimental methodologies are 
elaborated selecting specific materials that are pronouncedly subjected to such undesired 
effects. Consequently, the first material is an aluminium-magnesium alloy which is well 
known to exhibit a negative strain rate sensitivity at room temperature. For reverse loading 
it is preferred to consider single phase materials, namely a commercial pure aluminum and 
a low carbon steel, since their behaviors at room temperature are similar but their 
dependence on temperature are different from both a structural and a mechanical point of 
view. Furthermore, accompanying the recent tendency to improve the formability by grain 
refinement techniques (i.e. equal channel angular extrusion-ECAE and asymmetric rolling) 
the IF steel and aluminium alloys are studied through these techniques. 
3.1.1 Aluminum alloys sheets 
Aluminum alloys are important technological materials primarily due to their advantageous 
strength to weight ratio. They are used in diverse applications ranging from packaging to 
the aeronautic industry. Current alloy design is mainly aimed at improving material 
properties in order to access new markets. An important example is automobile body 
panels. This would significantly reduce automobile weight, which translates into fuel 
savings and associated environmental advantages.  
Important candidates for such applications are the non-heat treatable Al-Mg alloys from 
the 5XXX series whose primary alloying element is Mg. These alloys are currently used 
extensively in beverage packaging, automotive industry and other applications because 
they may be drawn in thin sheets and offer significant strength. Some examples of 
aluminium magnesium alloys used in automobile body application are presented in figure 
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3.1. In spite of their large utilization, AA5182 is characterized by some undesirable effect 
due to its discontinuous deformation at room temperature, like surface finish (i.e. 
propagation of Portevin-Le Chatelier deformation band). 
a) 
 b) 
Figure3.1 Applications of aluminium alloys on automotive industry: a)Audi A8 - Al (AA 
5xxx 6xxx and 7xxx series) space frame and semi materials distribution (AUDI); 
b)Aluminium (AA5182) parts of the S-class Mercedes (Daimler Chrysler) [www]. 
The analyzed AA5182 was supplied by Alcoa in the form of rolled and annealed sheet of 1 
mm thickness. It is primarily a solid solution of 4.5wt% Mg in Al, with other alloying 
elements being Mn (0.2-0.5%), Cr (0.1%), Cu (0.15%), Zn (0.25%), Si (0.2%), Ti (0.1%) 
and Fe (0.35%). 
The second investigated aluminium alloy is AA1050-O. The sheet has 1mm thickness and 
the chemical composition is given in table 1. 
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Table 1 Chemical composition of AA1050 measured by remelts analysis. 
Si Fe Cu Mn Mg Cr Ni Zn Ti Ga V 
0.089 0.28 0.002 0.001 0.001 0.001 0.003 0.005 0.011 0.016 0.007
3.1.2 Steel sheets 
Steel is a very important material in the automotive and canning industries. The overall 
trend in the development of steel sheets is towards high strength steels that allow weight 
saving through down-gauging. However, there remain many applications where 
formability is the principal requirement. One major group of formable steels for the 
automotive industry is composed of interstitial free (IF) steels.  
The first investigated steel is a low carbon steel with 0.67 mm thickness and the chemical 
composition given in table 2. This steel was supplied by Sollac enterprise. 
Table 2 Chemical composition of low carbon steel measured by remelts analysis. 
C Si S Mn Mo Cr Ni 
0.013 0.03 0.015 0.09 0.01 0.06 0.00 
 
The second steel is a IF steel with chemical composition given in table 3. 
Table 3 Chemical composition of IF steel measured by remelts analysis. 
C Al Ti Mn Mo Cr Ni 
0.0035 0.038 0.086 0.12 0.01 0.021 0.018 
 
3.2 Mechanical Tests 
Acknowledging that the highlights of the thesis are based on proposals of innovate 
experimental methodologies for analysis the mechanical behavior, this section will have a 
special significance. The methodologies were building with the bases on combination of 
mechanical tests (i.e. uniaxial tensile tests and simple shear tests) with temperature. For 
this reason, all the testes were made inside a chamber with temperature control. The 
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equipment permits a variation of temperature between + 200ºC. Negative temperature was 
obtained by injection of liquid nitrogen in the chamber through a valve control. Besides of 
the chamber temperature controller, the temperature was measured with a NUMECOR I 
300 collecting data from the surface of the specimen using a thermocouple. The 
temperature on the sample was kept constant to within ± 0.5 ºC. Figure 3.2 presents the 
testing equipment (the simple shear test device is mounted inside of chamber). 
 
4 
3
2
1 
Figure 3.2 Testing equipment: 1=liquid nitrogen recipient, 2=thermic chamber, 3= 
NUMECOR I 300 i.e. temperature measured on sample, 4=temperature controller of 
chamber. 
3.2.1 Uniaxial tensile tests 
Uniaxial tensile tests were carried out using ASTM tensile specimens with 10 mm gauge 
width. Most specimens were cut with their axis aligned with the rolling direction. 
Alternatively, the rolling direction was aligned perpendicular to the loading direction for 
several specimens. The material was tested in the as-received conditions. The tests were 
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performed in a Shimadzu machine with maximum load capacity of 50 kN. The crosshead 
velocity was adjusted such as to get strain rates of 10-4 and 10-1 s-1 in separate tests. The 
deformation was measured by an extensometer (type MFA-25). From the load and 
displacement data, the true stress(σ)-true strain(ε) curves (σ=f (ε)) were determined by: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
0
ln
l
lε       (3.1) 
( )εσ exp
0A
F=      (3.2) 
where ε is the plastic strain, l0 and l are, respectively, the initial and final length between 
the extensometer’s grips, F is the force and A0 the initial cross area. 
3.2.2 Simple shears tests, direct and reverse loading 
While the uniaxial tension test is a well known type of test, being standardized and vastly 
used not just for investigation but also on the industrial market, the planar simple shear test 
is rather new, and to my knowledge it only used in research groups. Consequently, some 
details will be supplied about this type of tests and about the devices whose construction 
and setting up are parts of the present works.  
3.2.2.1 Principle of simple shear test 
The planar simple shear test has proved to be a very efficient technique to evaluate the 
mechanical properties of flat samples [Rauch 1998]. Previous studies showed many 
advantages offered by this technique, like: 
• simplicity of the sample geometry 
• the large range of reasonable homogeneous strains due to the unvaried thickness of 
the sample that, in turn leads to the absence of any plastic instability such as 
localization or local necking in tension, i.e. type Considere. 
• large ranges of strain that involve increasing plastic rotation so that the shear test 
appears as a useful tool to analyze the evolution of texture during plastic 
deformations. 
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• easy way to change the loading direction during the experiment by simply 
changing the displacement direction of the clamps. 
• the possibility to record the forward and reverse flow parameters with the same 
device thus avoiding some testing artifacts.  
On the simple shear device, the specimen is firmly fixed by two grips on two rigid blocks 
subjected to a parallel displacement. Figure 3.3 show the geometry of the shear sample 
before and after test. 
 
Figure 3.3 Geometry of the shear sample before a) and after b) shear tests.  
From the corresponding force and displacement between the grips, the shear stress (τ) – 
shear strain (γ) curves are obtained, through the formulas: 
tL
F
*
=τ       (3.3) 
h
x∆=γ       (3.4) 
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where F is the force, L and t are the length and thickness of the sample, ∆x is the 
displacement between the grip and h is the width of the sample between the clamping of 
lateral grips.  
3.2.2.2 Construction of the shear device 
The present shear device was conceived in order to be mounted in a universal tensile test 
machine. Its dimensions are sufficiently low to permit to be placed within a thermostatic 
chamber. The first model of the tool was constructed in order to permit the working width 
h of the samples to be modified: a small value insures a better estimate of the stress-strain 
curves while a larger value is required for crystallographic texture measurements. Figure 
3.4 shows the different parts of the device. 
 
Figure 3.4 The simple shear device. The samples width h may vary between 3 to 6 mm.  
In this device, the sample is clamped by six screws, three for each grip. The screws are 
tighten with a dynamometric key in order to ensure that the torque on all screws are 
identical.  The torque required to avoid sliding depends on the tested material. It is lower 
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for pure aluminium than for low carbon steel and must be further increased in case of at 
low temperature tests. For a given material and sample geometry, the adequate value of the 
torque is determined experimentally, starting with low value and increasing it gradually up 
to the moment the sliding is impeded. Indeed, a higher value would damage the sample. 
The tools proved to work correctly for monotonic simple shear tests, but slipping between 
the sample and the grips were recorded if the load was reversed. Moreover, the flexibility 
of the working parts lead to an unexpected lateral distortion of the grips that appeared to be 
different with a positive of a negative load applied of the device.  
In order to solve the problem, another tool, more rigid than the first one and based on the 
same principles was developed. In this case, the tool was designed to work with a fixed 
sample width h that was set at 3mm. This permits the guideways to be improved: (fig. 3.5) 
instead of parts constrained in one dimension only (as seen on fig. 3.5 a), two rods were 
used and helped to keep a nearly perfect parallelism between two blocks of the tool 
(fig3.5.b). The sample clamping set up remains the same as for the first device, except the 
dimension of the grips and of the screws (from M8 to M10). 
 
Figure 3.5 Guideways changes from first device a) to second one b). 
The new design has proved to work well on aluminum alloys as well as on steel at room 
temperature, that is for loads lower than 15 kN. Low carbon steel deformed at -120 ºC 
induces higher stresses and still leads to sliding between the sample and the grips.  
The problem was particularly pronounced in the center of the sample, where has been 
verify a larger width (h) of the calibrated zone than to the extremities of the sample. It was 
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concluded that the pressure applied on the sample was not sufficient. To solve that, floating 
pieces were inserted in between the grips and the sample and further pressed with 
additional screws (pressure screws: fig. 3.7) while the main components were kept self 
similar (fig. 3.6). This way, insures that a large pressure may be applied on the sample 
directly at the critical area, that is near calibrated.  
 
Figure 3.6 Simple shear test device. 
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Figure 3.7 Detailed description of simple shear device; A is the base of the shear tool and also the 
back grips, B is the part of grips in contact with the sample (are 4, two for rear – fixed on the A, 
and two for front – floating) and C is the front part of the grips and is used to fixed the sample 
through B and two type of screws, namely fixed screw(S) and pressure screw (P). 
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The capabilities of the new design are improved thanks to the following factors: 
• additional pressure screws; the advantage comes from the fact that the additional 
screws do not pass from side to side of the tool, and make possible the application of a 
large force very close to the calibrated part of the specimen. The clamping is performed 
in two times: first the screws (S) are tight, and then the pressure screws (P) are used to 
press pieces (B) on the sample. (figure 3.9 shows the specimen clamped on one side of 
the device). 
• two sets of indent teeth (fig 3.8); each piece (B) has two rows of teeth, one with dense 
distribution (i.e. “principal”), situated on the extremity of the piece that apply the force 
necessary to clamp the sample, and the second row (“secondary”) located behind the 
first row and characterized by a less dense distribution of teeth (fig. 3.8 a) and lower 
height (fig 3.8 b). Its function is to impede the rotation of the sample during the test. 
 
 
Zoom 
a) 
Figure 3.8 Detailed view of the 
piece B; a) shows the distribution 
of the teeth on two type of rows 
i.e. “principal” and “secondary”
and b) it’s a zoom of the selected 
zone of the a) which  shows the 
height of the teeth. 
b)
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Two identical pieces (B) are placed on both faces (front and rear) of the sample on both 
sides (left and right) and clamped between the grips (A) and (B). These 4 pieces being in 
contact with the specimen, they were heat treatment in order to increase their resistance. 
 
C
B
B
A
Figure 3.9 Sample mounted on the one grip; A, B, C are the pieces showed on fig. 3.7. 
As mentioned before, it is important to know the correct torque to tight the screws; for 
example, the value used in the present work are presented in table 4. 
Table 4 Value of torque in function of material. 
 Fixing Screws Pressure screws 
AA 1050 8 [N.m] 14 [N.m] 
Low carbon steel 10 [N.m] 22 [N.m] 
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Problem encountered and solved  
 
In agreement with the main objectives of the present work, special attentions were devoted 
to the behavior of the device during reverse loading. In particular for the first attempts, it 
was noticed that the yield stress at reloading (τr) was higher that the prestrain stress (τp) 
level just before unloading (figure 3.10). This unexpected result could not be attributed to a 
material feature and was consequently the signature of some technical artifact. In order to 
interpret this behavior, two simple shear tests were performed on virgin and similar 
samples but in either compressive or tensile directions, leading to respectively negative or 
positive stresses on the load cell. This procedure has enabled the calibration of the cell load 
in the two directions to be checked. The results confirmed the existence of a technical error 
(fig 3.11), i.e. the load registered during compression being higher than in tension, the 
calibration had to be performed again.  
0
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Figure 3.10 Reverse loading shows strange behavior which conducted to detection of the 
problem. 
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Figure 3.11 Simple shear tests performed on identical samples, using the tensile test 
machine in mode compression, respective tension; if the cell load have the same 
calibration for both working modes, the two curves should be indistinguishable. 
Recommendation for future works 
• When the tests machine is used in different mode load (i.e. tension, compression) it is 
worth checking the calibration of the cell load in both cases. 
• For tests performed at negative temperature some special care are required : 
o Ensure that the device is completed dry before to start the test, in order to avoid 
ice formation. 
o The use of any lubricant on the guideways should be avoided, because the oil 
will freeze and increase drastically the recorded stress. 
o In course of heating or cooling, the position of the ram has to be corrected 
manually in order to compensate the contraction/dilatation generated by the 
variation of temperature.  
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o Use systematically the same nitrogen flow rate for the thermostatic chamber, in 
order to repeat the same cooling conditions for every sample. 
o Measure the temperature on the surface on the sample; the differences between 
the chamber and the sample are quite large in the beginning, but when the 
temperature is stabilized, this difference should be lower than 4 ºC.  
o Before the onset of the test, the temperature on the surface of specimen must be 
stabilized down to + 0.5 ºC. 
3.3 Microstructural characterization 
3.3.1 TEM observations 
The dislocation structures were observed with a Hitachi H-9000 (300 kV) transmission 
electron microscope (TEM). The TEM foils parallel to the rolling plane were taken at the 
sheet mid-thickness location. The samples were mechanically ground on both surfaces, 
then electropolished using a double-jet thinner with a dilute solution of HNO3 and 
methanol under 12 V tension for AA1050-O and 95%-5% mixture of 2-butoxyethanol and 
perchloric acid, under 55 V for low carbon steel, at 20 ºC until perforation occurred. For all 
the observed grains the orientation of dislocation microstructures structures were measured 
with respect to the crystallographic planes.  
3.3.2 Crystallographic textures 
To determine the crystallographic texture of the sheets, two incomplete pole figures, 
namely {110} and {200} for steel were measured by means of X-ray diffraction, on a 
Philips X’pert goniometer (fig. 3.12). Corrected experimental pole figures were obtained 
after defocusing and background corrections of the raw pole figure data. The pole figures 
were than used to calculate the three-dimensional orientation distribution (ODF), 
represented by the function f(g) described in chapter 2. The same function was used to 
recalculate the complete pole figures, that is to extended the pole figures for º90º80 ≤≤ χ .  
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Figure 3.12 Philips X’pert goniometer; outside and inside view. 
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4. 1 Introduction 
As previously mentioned in §3.2, AA5182 is an important alloy since it can be drawn in 
thin sheet, providing, at the same time, significant strength. If on the one hand, this 
material is preferred for several applications, such for instance container ends and can 
stock in packaging industry or automotive body panels and reinforcement members, 
brackets and parts in automotive industry, on the other hand, it’s selection is limited due to 
their major disadvantage, namely its deformation is discontinuous at room temperature (i.e. 
the strain is localizing in narrow bands), which leads to undesirable traces on the surface of 
the final product (figure 4.1).  
 
Figure 4.1 Marks on the surface of the AA 5182 sample due to the PLC effect 
This surface defect is well-known to be the signature of the Portevin-LeChatelier 
phenomenon (PLC), which manifests itself in certain ranges of temperature and strain rate. 
Usually, this phenomenon, i.e. the repeated strain localization is reflected in measurements 
of negative values of strain rate sensitivity (SRS) of the material. The macroscopic PLC 
effect is associated at smaller scale phenomena with the interactions between solute and 
dislocations, referred as dynamic strain aging (DSA). Both PLC and DSA were extensively 
studied over the years [Cottrell 1949, Beukel 1975, Mulford 1979, Mccormick 1972 and 
1988, Kubin 1990]. Many authors investigated the Al-Mg alloys in connection with their 
negative strain sensitivity [Thomas1966, Hinesly1970, Fujita1977, Lloyd1980, 
Korbel1981, Tabata1985, McCormick 1986, Balik1993, and Li1998]. 
Even so, the microscopic mechanism leading to negative SRS is still a matter of debate. 
The first mechanism proposed by Cottrell and Bilby [Cottrell 1949] considers that the 
solute atoms travel through the lattice with the mobile dislocations as long as the defects 
move with low speed at low strain rate, leading to an increased friction force for mobile 
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dislocations, and it is left behind at higher rates, leading to free movement of dislocation. 
Later it was believed that solute atoms do not have sufficient mobility to follow moving 
dislocations and clustering takes place during the relatively short time that dislocations are 
arrested at obstacles such as forest dislocations [McCormick 1972]. Clustering may occur 
either by lattice diffusion, from the lattice to the arrested mobile dislocation, which leading 
to an apparent increase of the lock strength [Beukel 1975] or by pipe diffusion [Sleeswyk 
1958], from the solute cluster on the forest dislocation, along the core of the arrested 
mobile dislocation [Mulford 1979]. At high strain rates, when the average arrest time is 
short, the clusters are too small to produce an effective enhancement of the strength of the 
obstacle and the PLC effect is not observed. By contrary, at low strain rates, when the 
arrest time is very long, the lock strength increases with the arrest time as the solute pins a 
longer segment of the mobile dislocation. Thus, clustering contributes to the intrinsically 
unsteady motion of dislocations in that a higher resolved shear stress is needed to break 
free the defect from the cloud, while a relatively low stress is required to keep it moving 
after this event. This process leads to negative strain rate sensitivity and strain localization. 
Therefore, the undesired behavior of AA5182 seems to be strongly correlated to the 
negative value of the strain rate sensitivity parameter, transforming this parameter into an 
important factor for its characterization. In this view, the focus of the present work is based 
on employing experimental methodologies that permit to analyze the factors controlling 
the strain rate sensitivity parameter and use them, if possible, in order to improve the 
industrial processes. 
4.2 Experimental analysis of strain rate sensitivity parameter 
It is well-known from literature, that there are two different ways to determine the strain 
rate sensitivity parameter (m), namely by continuous tensile tests or strain rates jump tests. 
Due to the specificity of the AA 5182 and the occurrence of PLC effect for a certain range 
of strains, it is important to verify which kind of methodology is more adequate to 
determine the m parameter. The uniaxial tension tests were carried out as described in 
section 3.2.1. The crosshead velocity was adjusted such as to get strain rates of 10-4, 10-3, 
10-2 and 10-1 s-1. The procedures to measure the strain rate sensitivities during continuous 
and jump tests are represented schematically, respectively in figures 4.2 and 4.3. A strain 
rate ratio of 1:100 was used. 
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Figure 4.2 Measure of the strain rate sensitivity parameter from constant strain rate tests. 
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Figure 4.3 Measure of the strain rate sensitivity parameter from jump test. 
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The strain rate sensitivity parameter, m, was computed using the equation (2.34). In case of 
strain rate jump test, according to [Ling1993], two types of strain rate sensitivity may be 
defined as a consequence of the transient behavior. Namely, the instantaneous rate 
sensitivity mi (which is linked to the immediate response to an abrupt strain-rate change) 
that is computed from the instantaneous variation of the stress related with a strain rate 
jump from 1  to 2ε& , and the steady state strain rate sensitivity m, (which determines the 
change in flow stress after the end of the transient region) that is estimated with ∆σ, the 
difference between the stress measured just before the jump and the value obtained by 
extrapolating the flow curve after the transient part.  
ε&
 
Figure 4.4 Schematic representation of steady state strain rate sensitivity parameter when 
abrupt increases in strain rate produce a transient behavior. 
As it can be seen in figure 4.4, the steady-strain rate sensitivity parameter can be expressed 
as a sum of the instantaneous measure and that corresponding to a transient (mt), m=mi+mt. 
While instantaneous response is always positive [Ling1990], the transient is negative in 
solid solution with mobile solute. Consequently, the condition for steady state rate 
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sensitivity becomes negative is: ti mm < . However, both types of strain rate sensitivity are 
important. 
The strain rate jump tests are assumed to provide more reliable data since the rate 
sensitivity is measured in a given specimen at given strain and therefore at given internal 
material state. When m is evaluated from constant strain rate tests, two different specimens 
subjected to different deformation histories are used. Hence, if the deformation history is 
important at the respective testing temperatures, the results are expected to differ. Besides 
of the calculus of m through both methods, in order to confirm the sensibility of m to the 
employed technique (i.e. continuous or jump test), the stress strain curves obtained through 
each method at room temperature were superimposed. Thus, it can be seen in figure 4.5 
that the curve corresponding to a jump test (fig. 4.3) converges after the jump to the curve 
obtained from a constant strain rate test (fig. 4.2) performed at the same strain rate.  
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Figure 4.5 Stress-strain curves of two strain rates in separate (fig.4.2) and jump test 
(fig4.3). Note that after jump the curve coincide with the one tested at constant strain rate 
performed with the respective rate. 
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Consequently, it can be concluded that for the particular case of our material, there is no 
significant effect of the technique which is chosen for the determination of m. 
The effect of crystallographic texture on SRS was also studied. To do so, the tensile tests at 
room temperature were performed in a direction either parallel or perpendicular to the 
rolling direction. The results are shown in figure 4.6, for the two orientations. It is seen that 
texture has little or no (within scatter) effect on strain rate sensitivity parameter.  
The data clearly confirm that the material tested does exhibit negative strain rate sensitivity 
and the PLC effect.  
 
Figure 4.6 Strain rate sensitivity parameter m measured at room temperature in specimens 
in which the loading direction is normal (closed symbols) and aligned (open symbols) to 
the rolling direction. 
4.2.1 Analysis of strain rate sensitivity in a wide range of temperatures 
The effect of temperature on the mechanical behavior of Al-Mg alloys is very important 
since it controls solute mobility and clustering rate. In this section we propose an 
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experimental methodology to analyze the effect of temperature on strain rate sensitivity by 
mapping the domain of negative strain rate sensitivity thanks to uniaxial tension tests 
performed in a wide range of temperatures.  
The material was tested in the as-received conditions, without any heat treatment, at 
temperatures ranging between [-120ºC, 150ºC] (for details of the equipment see fig 3.2).  
Typical stress-strain curves are shown in Fig. 4.7 for T = -100oC, room temperature and T 
= +100oC. The curves are serrated within the domain in which the SRS is negative and 
smooth outside. The ductility is reduced within the domain. 
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Figure 4.7. Typical true stress-true strain curves at three temperatures within and outside 
the PLC range.  
Figure 4.8 shows m evaluated from constant rate tests for temperatures between –120oC 
and 150oC. The data correspond to a strain rate ratio of 1:100 and to base rate of  
s
3−
1 10=ε&
-1, and are collected at plastic strains of 10%. The range of negative rate sensitivity is –80o 
to 110oC. This is in agreement with Ref. [Pink 1982a] in which m was found to be negative 
in a binary Al-Mg alloy tested at rates between 10-6 and 10-2 s-1 between –80o and 80oC.  
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Figure 4.8 Variation of the steady-state strain rate sensitivity parameter m with temperature. 
An interesting view could be obtained from the analyses of the evolution of strain rate 
sensitivity parameter with strain for a specific temperature. This information is showed in 
figure 4.9. Starting with the negative domain of temperature and lower than -80ºC (e.g. the 
data corresponding to -100ºC and -80ºC in fig.4.9), m increases with strain until about 10% 
strain, and then slightly decreases, remained in the meantime positive. Moreover, at -80ºC, 
which is the limit negative temperature that marks the transition from negative to positive 
value of m, it is negative at small plastic strains and becomes positive as deformation 
proceeds. By increasing the temperatures below to 110ºC (which is the limit positive 
temperature for the same transition, i.e. negative to positive value of m), the evolution of 
strain rate sensitivity parameter with strain can be described as follows: i) for temperature 
near to room temperature (e.g. the data corresponding to RT and 40ºC in fig.4.9), m is 
characterized by a low fluctuation up to 10% strain (i.e. increases followed by decreases) 
and then by a stabilization to a lowest value reached by m in all range of temperatures; ii) 
when the temperatures become to be farther than RT, m initially increases slightly and then 
remains essentially constant with strain (e.g. the data corresponding to -40ºC and 100ºC in 
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fig.4.9). For temperatures higher than 110ºC (filled triangle symbols corresponding to 
150ºC in fig. 4.9), m is positive for all strains and increases drastically with strain until 
about 15 % (for example, the first value of m i.e. 0.0054 can be multiplied by 7 and it will 
lead to a final value of m, i.e. 0.0376) and after that remains constant.  
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Figure 4.9. Variation of the strain rate sensitivity parameter m with strain at various temperatures 
within and outside the negative SRS range. The data is obtained from constant strain rate tests. 
The unlike variations of m with temperature, i.e.: very gradual at T ~ -100oC, while quite 
abrupt at T ~ 100oC, suggests that the activation energy for PLC at the low and the high 
temperature ends of the PLC range is different. This suggests that different DSA 
mechanisms dominate the behavior in different temperature ranges.  
As it was assumed in introduction, the PLC effect is strongly correlated to the negative 
value of strain rate sensitivity. In the mean time, it is worth noticing that the effect become 
weakest and eventually disappears when the SRS increases. For this reason, the PLC 
domain (considered approximately identical with the negative SRS domain) was mapped 
and is shown in Fig. 4.10 in the log(  plane.  T/1) −ε&
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Figure 4.10 Map of the PLC domain in the T/1log −ε&  plane. 
Open/filled symbols represent conditions in which PLC is not/is observed. The data points 
well-within the domain are not shown. The data recorded for the same commercial alloy by 
Abbadi et al. [Abbadi 2002] and by Pink and Grinberg [Pink 1982b] (corresponding to a 
similar alloy with 5% Mg) are included in the figure. The data from [Abbadi 2002] are 
shown with smaller symbols, while only the two boundaries of the PLC domain from [Pink 
1982b] are included. The three sets of data are in good agreement. The present figure 
extends the domain investigated when compared to the results presented in [Abbadi 2002] 
by including the low temperature boundary of the PLC region. The domain is bounded at 
high strain rates by an almost horizontal line at . The high and low temperature 
boundaries are essentially straight parallel lines (within the current accuracy).  
11 −− s10=ε&
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4.2.2 Effect of preexisting clusters on the strain rate sensitivity 
The results of the previous section indicate that solute structures that exist in the material 
before deformation play a role in controlling the SRS. The full understanding of this 
phenomenon requires special experimental methodologies integrating thermal treatments 
of annealing and cooling to dissolve and keep dissolved the solute clusters, and subsequent 
mechanical testing for evaluating the resulting properties. The selection of the temperatures 
used for the present work is based on the phase diagram of the binary aluminum-
magnesium alloy (fig. 4.11) and on information available from atomistic simulation.  
 
Figure 4.11 Phase diagram for Al-Mg alloy [www2]. 
Three temperatures were selected, namely 380oC and 480oC which are temperature in the 
solid solution domain and one right below the solvus line of the phase diagram of this 
system, namely 200ºC. The last temperature was selected in order to emphasize the 
requirement of dissolution of clusters on the present study. The heat treatments at 
temperatures in the solid solution domain are designed to identify the role of solute clusters 
 65
 
Experimental methodologies to analyze the mechanical behavior of AA5182-O  
  
that exist in the material before the test. These solute structures are expected to exist both 
in the neighborhood of dislocation cores, and away from these. Annealing above the solvus 
line leads to the rapid dissolution of any cluster not associated with dislocations. Moreover, 
it is known that dislocation cores are strong attractors for Mg. This is due to the fact that 
the Mg atom is about 12% larger than Al and behaves as a dilatation center. The 
interaction of the stress field of the point defects and that of dislocations leads to an 
energetic force that draws Mg to dislocation cores. The size and structure of the 
thermodynamically stable Mg cluster at cores of various types of dislocations has been 
studied by atomistic simulations [Zhang 2004, Xu2006]. These clusters dissolve with 
increasing temperature. They used Monte Carlo simulations and a realistic interatomic 
potential for this system to determine the variation of the binding energy of the dislocation 
to its cluster with temperature. The results indicate that at 200oC the binding energy 
decreases to 56% of its value at room temperature, while at 380oC and 480oC it decreases 
to 29% and 21.8%, respectively. It must be mentioned that in all cases the 
thermodynamically stable cluster (largest possible) was considered. This provides a 
justification for the selection of our annealing temperatures1. Temperatures were selected 
above the solvus line in order to put in solution all Mg not located at dislocation cores [Xu 
2006]. Further, the scope is to determine whether the expected dissolution of dislocation 
clusters with increasing temperature is visible in the stress-strain curve and the SRS. 
After the selection of the temperatures, the control of the solute state is attained by using 
the following procedure: the specimens are annealed for 10 min at 200ºC, 380oC and 
480oC, i.e. below and above the solvus line. The specimens were held at the respective 
temperature for a relatively short time in order to avoid significant recovery and grain 
growth [Hatch1984]. The samples were quenched after annealing in iced water, in order to 
delay the relaxation of the solute structure obtained at the end of the annealing time. Half 
of the specimens were tested immediately at -40oC, while the other half were kept at room 
temperature. As demonstrated before, the material exhibits negative SRS at -40oC. The 
remaining samples were held at room temperature for 24h, 48h or 96h (in separate 
experiments) and then tested at -40oC in conditions similar to the first set. Also, data were 
                                                 
1 The connection between the experimental work and the data provided by atomistic simulation was available 
through the collaboration between TEMA and RPI.  
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collected from similar tests (at -40oC) performed with as-received specimens (held for a 
long period of time at room temperature). The flow chart of the experimental procedure is 
showed below:  
 
Heat treatment 
380ºC/10min 
Heat treatment
480ºC/10min
Ice water 
0ºC 
Tests at -40ºC: 
Strain rate 10-3 s-1 
Strain rate 10-1 s-1  
24h at room 
temperature
Tests at -40ºC: 
Strain rate 10-3 s-1 
Strain rate 10-1 s-1  
48h at room 
temperature
Tests at -40ºC: 
Strain rate 10-3 s-1 
Strain rate 10-1 s-1  
96h at room 
temperature
Tests at -40ºC: 
Strain rate 10-3 s-1 
Strain rate 10-1 s-1  
Strain rate sensitivity parameter (SRS) 
Heat treatment 
200ºC/10min 
Figure 4.12 Diagram of the experimental procedure 
Since all the tests performed in this section are made at -40ºC and at this temperature the 
material present a critical strain (εc), i.e. the strain which mark the onset of serrated flow, 
for a good accuracy in calculation of strain rate sensitivity parameter, its estimation is 
made for homogeneous deformation, namely before the (εc).  In figure 4.13  it can be seen 
the dependence on temperature of the critical strain measured at a rate of 10-3 s-1.  
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Figure 4. 13. Variation of the critical strain with temperature at a strain rate of 10-3 s-1. 
The data from Ref. [Abbadi 2002] refer to the same material as considered here. The data 
from Ref. [Guillot 1972] are from an Al-4.4%Mg alloy tested at 1.33x10-3 s-1.  
The figure includes data obtained from our tests and from [Abbadi2002, Guillot 1972]. The 
SRS is negative at all strains for this temperature, namely -40ºC (fig.4.6) and the critical 
strain for strain rate 10-3 s-1 is about 6.5%. Strain localization is not observed below εc even 
though m < 0 due to the competition between the destabilizing effect of the negative rate 
sensitivity and the stabilizing effect of strain hardening. The interplay between these 
factors is formalized as a criterion for instability developed and discussed by several 
authors [McCormick1988, Zaiser1997].  
The test results are inconclusive in what regards the effect of annealing on static ageing. 
All specimens, whether annealed or not, exhibit a Lüders plateau with no detectable yield 
point. The effect on strength, strain hardening and the SRS are interesting, however.  
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Figure 4.14 shows stress-strain curves for a number of specimens subjected to various heat 
treatment programs.  
 
Figure 4.14. True stress-strain curves obtained at constant strain rates of 10-3 and 10-1s-1 using 
specimens that were: annealed at 380oC for 10 minutes and tested immediately (380/0h), annealed 
at 380oC for 10 minutes and tested after equilibration at room temperature for 48h (380/48h), 
annealed at 480oC for 10 minutes and tested immediately (480/0h), annealed at 480oC for 10 
minutes and tested after equilibration at room temperature for 48h (480/48h). 
The curves are shown for true strains from 2% up to εc. The strain hardening rate appears 
to be similar in all cases. The strength is not significantly affected by the annealing 
procedure as all the curves corresponding to the strain rate of 10-1 s-1 are essentially 
identical. Most importantly for the current discussion, at 10-3 s-1 there is a clear distinction 
between the curves obtained from the annealed specimens tested immediately and after 
equilibration. Clearly, the curves obtained from specimens that were tested immediately 
after annealing are closer to the 10-1 s-1 curves indicating lower SRS (in absolute value). 
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The curves corresponding for the two annealing temperatures (380oC and 480oC) overlap 
in this range of strains.  
The most striking effect of the heat treatment is seen in Fig. 4.15, where the SRS parameter 
m is plotted versus strain.  
 
Figure 4.15a Variation of the SRS parameter m with strain for specimens annealed at 
380oC for 10 minutes and tested immediately (380/0h), annealed at 380oC for 10 minutes 
and tested after equilibration at room temperature for 48h (380/48h), annealed at 480oC 
for 10 minutes and tested immediately (480/0h), annealed at 480oC for 10 minutes and 
tested after equilibration at room temperature for 48h (480/48h), and tested in the as-
received conditions.  
Figure 4.15a shows data from specimens annealed at 380oC and 480oC for 10 minutes and 
then either tested immediately (denoted in the Fig. by 380/0h and 480/0h) or held at room 
temperature for 48h (denoted by 380/48h and 480/48h). It includes data obtained from 
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specimens in the as-received conditions, which are taken here as reference. The specimens 
treated and held at room temperature recover the SRS of the reference material. They also 
exhibit the same trend with strain. The specimens that were tested immediately exhibit 
much lower SRS (in absolute value), while m does not vary with strain. 
Figure 4.15b shows similar data obtained from specimens that were annealed at 200oC for 
10 minutes. No significant difference between the SRS of specimens tested immediately 
(200/0h) and those equilibrated at room temperature for 48h (200/48h) is seen. 
 
Figure 4.15b Variation of the SRS parameter m with strain for specimens annealed at 
200oC for 10 minutes and tested immediately (200/0h), annealed at 200oC for 10 minutes 
and tested after equilibration at room temperature for 48h (200/48h), and tested in the as-
received conditions. 
The effect of annealing temperature and annealing time, as well as the effect of the room 
temperature equilibration time were investigated. The data in Figs. 4.14 and 4.15 show that 
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the annealing temperature has a weak effect; its increase leads to a slight reduction of the 
absolute value of m measured at -40oC after 48h of equilibration. A similar effect was 
observed after increasing the annealing time from 10 to 15 minutes at 380oC. The 
annealing time was not increased further in order to avoid additional effects due to grain 
growth or excessive recovery.  
The effect of the equilibration time were analyzed through additional tests performed on 
specimens that were annealed at 380oC for 10 minutes and equilibrated at room 
temperature for 24h, 48h and 96h (figure 4.16).  
 
Figure 4.16 Stress – strain curve of material annealed at 380ºC for 10 min and tested at -
40ºC after equilibration of room temperature for 0h, 24h, 48h and 96h. It is noted that the 
curve corresponded to as-received material is also included on the graph and it is 
undistinguishable from those tested after equilibration time. 
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No effect of the variation of the equilibration time was observed, which indicates that the 
solute structure recovers the same state as for the reference, i.e.: as-received material, 
within 24h after the heat treatment.  
These observations suggest that solute structures pre-existing the test contribute 
significantly to the negative SRS of this alloy. These structures, such as clusters at 
dislocation cores, unstructured clusters not associated with dislocations, or very small (3-5 
Mg atoms) nuclei of the beta prime phase, are dissolved during annealing. In specimens 
tested immediately after annealing there is very little time for clustering since the test is 
performed at -40oC, temperature at which solute diffusion is very slow. Solute structures 
recover the state in the as-received material only after equilibration at room temperature. It 
is seen that the effect of clusters contributes almost 50% of the m value at low strains (ε ~ 
2%).  
It is also interesting to observe that m does not change with strain in specimens tested 
immediately after annealing, while in the equilibrated samples, m decreases (in absolute 
value) rapidly with strain. This reduction of m with strain was previously attributed to the 
increase of the dislocation density during plastic deformation. The present data suggest 
rather that m variation is due to the fact that plastic deformation wipes out solute structures. 
The absence of such structures in samples tested immediately after annealing leads to no 
variation of m with strain. 
It is conceivable that annealing may lead to grain size variation and to recovery. Although 
the annealing time was kept low in order to avoid such complications, it is not possible to 
exclude these effects. However, it must be noted that the grain size has no observable 
effect on SRS, as has been established by many previous studies. m depends on the grain 
size only in ultra-fine grained Al [May2005]. The dislocation density at the beginning of 
the test is expected to affect the critical strain but not the SRS [Kubin1990]. Recovery does 
take place in the annealed samples, as the flow stress of the reference material is slightly 
higher than that of the annealed one. The dislocation density is similar in annealed 
specimens tested immediately and after room temperature equilibration, hence the 
comparison we make eliminates the effect of recovery if it would exist.  
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Finally, it must be noted that if the negative SRS would be due (at these temperatures) to 
the free solute, one would expect more pronounced SRS in specimens tested right after 
annealing as these contain the largest concentration of free, unstructured solute. This is in 
fact not the case, m being more negative in the equilibrated specimens in which solute had 
sufficient time to organize.  
4.3 Observations of serrated flow 
The macroscopic observation of serrated flow is an indication of the negative SRS. The 
serrations observed in polycrystalline materials in which solutes are in substitution are 
quite usual and have been previously classified into three major groups denoted by A, B 
and C. The types of serrations can be defined as [see Rodrigues 1999 for a review]: 
√  Type A = periodic serration characterized by a rise followed by a drop to below 
the general/nominal level of stress  
√  Type B = oscillations about general level of the stress-strain curve 
√  Type C = stress drops below the general level of the curve 
The type of serration varies with strain rate and with temperature. Figure 4.17 shows the 
various types of serration for our material tested at room temperature on strain rate range 
between 10-4 and 10-1 s-1. The type of serration is in agreement with the literature 
[Kral1997, Romhanji1999]. Namely, for strain rate below 10-3s-1 at room temperature the 
serrations observed are C type and they increase gradually with the deformation. If the 
strain rate is increased, type A or combination of type A and B is observed. It is noted that 
occasionally “traveling bands” (type B, in the terminology used in [Chihab et al. 1987]) 
appear at room temperature and low strain rates (10-4 s-1). In figure 4.17, the curve 
corresponding to a strain rate of 10-4 s-1 shows an example in which regions denoted by P 
correspond to the intermittent propagation of a localization band along the gauge of the 
specimen. Outside of these plateaus the serrations are random. This was observed in 
several specimens only and could not be related to particular microstructural or 
geometrical features of the specimens.  
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Figure 4.17 Stress-strain curves exhibiting different serration with strain rate. The curves 
are shifted in the vertical direction for clarity. The tests were performed at room 
temperature.  
The classification of the types of serration with respect to the strain rate is subjective to 
limitation of the acquisition rate of the tensile test machine. The correct evaluation should 
be done by using the same data acquisition rate for one interval of displacement. For 
example (figure 4.18), shows the same tests as those exhibited in figure 4.17, but adjusting 
the acquisition data in function of strain rate, the results are quite different from point of 
view of serration. The classification of different type of serration becomes very difficult 
(i.e. for all strain rates seems to have type A serration) and this, call in question the 
veracity of the classification corresponded to high strain rate. 
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Figure 4.18. Stress-strain curves at room temperature corresponded to three strain rates. 
The acquisition rate was decreased with increasing strain rate in order to have the same 
quantity of information for all curves. The curves are shifted in stress axis. 
Each serration corresponds to the formation of a localization band on the surface of the 
specimen. The bands run at an angle of 63o ± 2o with respect to the loading direction, in 
agreement with the value of 61o reported by [Chihab et al. 1987] for an Al-5at% Mg alloy. 
It was shown that the angle depends on texture and is expected to range from 52o to 66o as 
a function of the orientation of the load axis with respect to the rolling direction [Webernig 
1986]. The continuum analysis of localization in the direction of no extension for an 
isotropic sheet subjected to uniaxial loading predicts the angle to be 54.74o [Hill 1950]. 
Discontinuous yielding and initial Lüdering (i.e. Lüders effect) is observed in all 
specimens loaded at rates below 10-2 s-1. Such yield points phenomena are not observed 
during transients following strain rate jumps in tests performed under the same conditions. 
Mulford and Kocks [Mulford1979] observe features that look like discontinuous yielding 
during strain rate jumps in Inconel 600 but only if the flow is smooth. Jumps performed 
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during jerky flow were not found to exhibit a yield point phenomenon. As discussed by 
Romhanji et al. [Romhanji1999] the yield point phenomenon is observed only in pre-
deformed specimens with high dislocation density that were rolled to reductions larger than 
20%. This is also the case with the present specimens. Ohtani and Inagaki [Ohtani2002] 
similarly observe that Al-4.4%Mg specimens cooled in the furnace from a heat treatment 
temperature of 450oC always exhibit the yield point phenomenon and serrated flow from 
the very beginning of plastic deformation over a wide range of strain rates. They 
conjecture that actually Lüdering induces the PLC effect in the region just behind the 
Lüders band front, a phenomenon not observed in this study. No critical strain for the onset 
of PLC, εc, is observed in tests performed at rates between 10-5 and 10-2 s-1 and room 
temperature (e.g. Fig. 4.17). The serrated flow begins immediately after yielding and 
continues with increasing magnitude up to specimen failure. The critical strain was 
observed for tests performed at various temperatures as was shown in figure 4.13. Another 
aspect of serration is their amplitude. This was measure for three temperatures and is 
represented in figure 4.19. 
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Figure 4.19 Variation of the serration amplitude with strain in a test performed at various 
temperatures. 
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The amplitude of serrations increases with strain as can be seen in Fig. 4.19 for specimens 
tested at room temperature, 0ºC and 40ºC and at 10-3 s-1. This is a commonly observed 
feature of serrated flow. For small strains (less than 5%), the amplitude of serration is 
weak, and is the same for all three temperatures. After 5% strains, the amplitude of 
serration corresponded to material tested at 0º and room temperature increases slowly (i.e. 
about 2MPa in 20% strain) following the same slope. Increasing the temperature, the 
serration amplitude increases substantially (12Mpa at 20% strain) and quite rapidly, 
accordingly to their slope. Besides, the serrations amplitude is also known to increase with 
Mg content [Lloyd1980] and with reducing the strain rate. 
4.4 Ductility and strength 
An important technological aspect of the material behavior is its ductility.  In spite of their 
negative strain rate sensitivity, but because of their high rate of hardening, the Al-Mg 
alloys are some of the most ductile Al alloys currently in use. This makes them useful in a 
variety of applications in which forming with large reduction ratios is required. Therefore, 
it is interesting to determine to what extent the ductility of the commercial alloy is affected 
by DSA.  
Figure 4.20 shows the total elongation at failure measured in tests performed at 10-3 s-1 and 
at various temperatures within and outside of the negative SRS domain (Fig. 4.8). As the 
temperature increases from –120oC, the ductility decreases continuously while DSA 
reaches a minimum at room temperature and then increases upon further with temperature. 
This behavior may also be observed in Fig. 4.7. The fact that lowest ductility is obtained at 
room temperature, which is the desired processing temperature, is detrimental and is a 
motivation for material development. The ductility follows the same trend as the strain rate 
sensitivity with the lowest ductility obtained at temperatures corresponding to the lower 
measured strain rate sensitivities. It should be noted that the variation of the ductility with 
temperature correlates with the variation of the transient (and therefore the steady state, as 
defined in fig. 4.4) strain rate sensitivity parameter, which is a direct indication that the 
reduction in ductility is due to the DSA. 
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Figure 4.20. Variation of the total elongation at failure with temperature. 
The variation of the yield stress with temperature measured at a strain rate of 10-3 s-1 is 
shown in Fig. 4.21.  
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Figure 4.21. Variation of the yield stress with temperature measured at ε  = 10& -3 s-1. 
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As expected, DSA leads to an increase of the yield stress (relative to the generally 
decreasing trend of the yield stress vs. temperature curve) in the range of temperatures in 
which its effect is macroscopically visible [Lloyd1980]. The observation remains valid for 
all flow stresses, which is supported by the data in the Figure 4.22. This figure shows the 
strain hardening rate εσ=θ dd  as a function of the flow stress for all temperatures 
considered in this study. The data were obtained from tests performed with a strain rate of 
10-3 s-1. In the PLC range, strain hardening is essentially independent on the temperature. 
Normal behavior (continuously decreasing strain hardening rate at given flow stress, with 
temperature) is seen outside of the PLC range. It was suggested [Lloyd 1972] that DSA 
enhances strain hardening through reducing dynamic recovery. 
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Figure 4.22. Strain hardening vs. flow stress curve for several temperatures within and 
outside the PLC range. 
An alternate explanation is proposed by Picu and is based on the effect of solute clusters 
formed on forest dislocations on the strength of dislocation junctions [Picu 2004]. 
According to him, in the range of temperature where the DSA exist, cluster formation at 
forests increases the strength of junctions, which leads to an increase in the athermal 
component of the flow stress. On the other hand, outside of this temperature domain, in the 
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absence of forest dislocations clusters (i.e. at very low temperatures due to sluggish bulk 
diffusion while at high temperature due to dissolved of forest clusters) the behavior of 
athermal component of the flow stress is qualitatively similar to that in pure aluminium. 
Consequently, assuming that the thermally activated component of the flow stress is 
unaffected by the presence of clusters and the total flow stress is a sum of the athermal and 
thermal components, the plateau which appears in figure 4.21 is explained. Schematic 
representation of this behavior is shown in figure 4.23. 
 
Figure 4.23 Schematic representation of the variation with temperature of the thermally 
activated and athermal components of the flow stress [Picu 2005]. 
4.5 Partial conclusion 
The mechanical behavior of the commercial aluminium alloy AA5182-O in as received 
condition was extensively studied by experimental methodologies. 
The first experimental method, which is a uniaxial tension tests performed in a wide range 
of temperatures (-120ºC and 150ºC), proposed for analyzing the material behavior proved 
that the temperature greatly affects the mechanical properties of this material. The 
dependence of materials properties by temperatures can be summarized as follows:  
√ Strain rate sensitivity is negative in the temperature range comprises between -80 
and 110°C. Out of this range, the strain rate sensitivity is positive. 
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√ Serrations that correspond to the PLC effect, are present in the negative domain of 
SRS and their amplitudes and frequencies increase with increasing temperature. 
√ The yield stress and strain hardening decrease with increasing temperature, except 
in the temperature range between -40 and 80°C. 
√ The ductility evolves with temperature and reached a minimum value near room 
temperature. 
The second proposed methodology, consisting in various heat treatments followed by 
cooling at 0ºC then tested in uniaxial tension at -40ºC, shows that solute structure existing 
in the material before deformation, play a role in the negative strain rate sensitivity as 
follows: 
√ The increasing of strain rate sensitivity parameter is verified, but its value still 
remains negative after dissolution of preexisting clusters   
√ Although strain rate sensitivity still remains negative after dissolution of 
preexisting clusters by heat treatment, the increasing of its value has been verified.  
√ The strain rate sensitivity parameter is independent of strain for material 
immediately after annealing. 
√ Aging at room temperature promotes to the reorganization of solute structure and 
leads to the same SRS behaviors as the ones recorded for the material in as received 
conditions. 
√ The effect of clusters accounts for almost 50% of the SRS parameter at low strains 
(i.e. before the critical strain). 
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5.1 Introduction 
The development of complex transient modes of yield and flow behavior during changes in 
loading paths was reported in literature for a long time [Wagoner 1983, Doucet 1987, 
Wilson 1994, Schmitt 1985, Raphanel 1986, Rauch 1992, Gracio 1992, Teodosiu 1995, 
Lopes 1999, Peeters 2000, Nesterova 2001, etc.]. Sometimes, these transient behaviors 
lead to development of plastic instabilities which are very important for the design of sheet 
metal forming since they can limit the formability of metals. Because change in strain 
paths are used to simulate the real-industrial forming process, the deep understanding of 
the transient behavior is an important issue.  
One type of the transient behavior is characterized by the stagnation of the work hardening 
after reloading of a prestained material illustrated in Fig. 5.1.  
 
Figure 5.1 Schematic stress-strain behavior for single phase metal subjected to a strain 
reversal test at large level of deformation  
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Such behavior was observed in particular during Bauschinger type experiments were the 
direction of loading is inversed during the test. These tests are easily performed in simple 
shear, as discussed in §3.2.2. It is well know that the Bauschinger effect 
[Bauschinger1886] is for a very low prestrain (few percent) an elasto-plastic effect due to 
the internal stresses induced by strain incompatibilities between grains. When the prestrain 
level increases, a temporary fluctuation of the work-hardening is observed at reloading 
during a quite long range of strain (several tenths of percent), which is the case of present 
study. 
Many authors investigated the material behavior during strain path changes, including 
detailed structural observation, in an effort to understand and predict the material response 
to this process. The physical mechanisms that control the lowering of the hardening rate 
remain controversial. For example, some authors (i.e. [Hasegawa1975, Wagoner 1983, 
Christodoulou1986, Teodosiu 1992, Peeters 2000], etc.) attributed the appearance of the 
transient behavior to the dissolution of dislocation walls developed during the prestrain. 
Alternatively, the lowering of the hardening rate may be caused by the exchange between 
two dislocations densities: those generated during prestrain, and those produced after 
reloading [Rauch 1991]. Rauch also observed that a homogeneous dislocation distribution 
does not exhibit any remarkable feature when the strain is reversed [Rauch1997A, 
Rauch1997B]. 
In order to obtain a full understanding of the transient behavior phenomena we propose an 
experimental methodology based on the comparison between the mechanical and 
microstructural behaviors of a ferritic steel and of a commercial purity aluminum. These 
two materials exhibit similar plastic behavior at room temperature. However, the low 
temperature responses are different. This is related to large differences in the dislocation 
structure developed at low temperature. A temperature drop does not modify substantially 
the f.c.c. aluminum substructure but drastically increases the friction stress and delays 
patterning of the b.c.c. steel. In order to analyze the role of the dislocation structures on 
transient hardening, strain reversal tests are coupled to temperature changes. The related 
structural evolutions are expected to alter the transient behavior pertaining to strain 
reversal tests and should reveal the fundamental physical mechanisms. 
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Since the development of transient behavior is related to changes in the strain path, we 
propose to analyze the mechanical response by performing planar shear tests, that are far 
less sensitive to the decrease of hardening rate than tensile tests. The specimens were cut 
with their axis aligned with the rolling direction for both materials. It is well know that this 
test is particularly suitable for carrying out strain reversals after large prestrains. The 
Bauschinger tests are achieved by simply reversing the tool displacement (fig. 3.7).  
Deformation sequences consisting of a prestrain followed by a subsequent strain were 
performed either at room temperature or at -120ºC (Table 5.1). Moreover, sequences of 
room temperature prestraining followed by -120ºC testing and vice-versa were carried out. 
Temperature changes were imposed after unloading. Reloading was performed either in the 
same or the reverse direction.  
The dislocation structures were observed at various steps of deformation (details about the 
TEM observation and sample preparation were given in § 3.3.1). 
Type of test Temperature 
monotonic Room temperature (RT) 
monotonic -120 ºC 
prestrain reload  
RT -120 ºC RT -120 ºC 
continuous *  *  
reverse *  *  
continuous *   * 
reverse *   * 
continuous  * *  
reverse  * *  
continuous  *  * 
reverse  *  * 
 
Table 5.1 Summary of tests and temperature sequences for both materials (monotonic test 
refers to a deformation without change in direction and in temperature, continuous test 
refers to a deformation sequence without change in the strain direction and, reverse test 
refers to a deformation sequence with change in the strain direction) 
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5.2 Monotonic loading at constant temperature 
In this section we describe the effect of temperature on the materials used in this work, 
subjected to simple shear test. The first material analyzed is the low carbon steel, this is 
because the coherence of various steps followed in this investigation were decided in 
function of its response to different situation. As for instance, the negative temperature was 
choose in order to increase considerably a lattice friction of low carbon steel. 
Consequently, the complete characterizations of the effect of this temperature on low 
carbon steel suppose, beside of the mechanical tests, the structural observation. Moreover, 
the selection of the amount of prestrain is made taking into account the evolution of the 
dislocation substructure. All these parameters are first selected for low carbon steel and 
then applied to the AA 1050-O. The behaviors of the material under monotonous 
deformation, being essential to investigate the transient behavior that will appear in 
complex loading, they are analyzed in this section. Figure 5.2 shows the shear stress-shear 
strain curves obtained for low carbon steel at room temperature and at -120ºC.  
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Figure 5.2 Simple shear test of low carbon steel, at room temperature and -120ºC. 
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It can be seen that, the stress level at -120ºC is drastically increased due to the higher 
friction stress, as was expected for b.c.c. metals deformed at low temperature. This is in 
agreement with the literature [Kubin1982, Rauch 1997a, Rauch 2000, Tang1998, 
Duesbery1998], and is attributed to the deformation of screw dislocation cores during 
motion through the crystal   
Another aspect is related to the evolution of strain hardening rate, which seems to be 
different at the two temperatures especially for lower strains; namely the strain hardening 
rate decreases with decreasing temperature. This behavior was observed in the past by 
[Arsenault1968, Novak1976 and Bucki1979] but has not been interpreted. Figure 5.3 
shows the evolution of strain hardening rates at the two temperatures considered. The 
amount of pre-strain to be used subsequently is also indicated in this figure. 
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Figure 5.3 Work-hardening rates versus shear strain for monotonic test at RT and -120 ºC. 
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TEM observations were made on grains representative of the texture of the material, 
namely, on grains belonging to the <111> fiber. The dislocation structure is strongly 
temperature dependent, namely, at low strains, TEM observations demonstrate the 
existence of a cell structure at room temperature (figure 5.4) and of dislocation tangles at 
low temperature (figure 5.5).  
 
( )101
{111}
1µm 
 
Figure 5.4 TEM observation of the dislocation structure developed in a >< 111  grain of 
the low carbon steel for a shear strain of 0.26 at room temperature. 
{111} 
 
1µm 
 
Figure 5.5 TEM observation of the dislocation structure developed in a >< 111  grain of 
the low carbon steel for a strain of 0.26 at –120 ºC shear. 
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However, for large strains a cell structure can be clearly seen at both temperatures, as 
shown in figure 5.6 (RT) and figure 5.7 (-120ºC).  
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Figure 5.6 TEM observation of the dislocation structure developed in a >< 111  grain of 
the low carbon steel for a shear strain of 1 at room temperature. 
 
( )101
( )112
{111} 
1µm 
 
Figure 5.7 TEM observation of dislocation developed in the low carbon steel in a 111  
grain, shear strain of 1 at -120 ºC. 
><
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It is interesting to compare figs. 5.4 and 5.7; the dislocation structure appears to be similar 
despite the difference in temperature between the two tests. The strain at which the 
observation is made is largely different. This suggests that patterning is delayed at low 
temperature. 
The structural evolution of low carbon steel was analyzed at various strains. Since the 
result obtained at 0.26 strains supplies two different dislocation structures, we select this 
strain as the prestrain shear in subsequent tests. In fact this is the key concept of the present 
work, because it permits to create conditions to check the well accepted interpretation of 
softening, due to the dissolutions of dislocations walls generated during prestraining. 
Let us turn now to the mechanical behavior of AA 1050-O. The response to simple shear at 
constant temperature is represented in figure 5.8.  
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Figure 5.8 Simple shear test of AA 1050-O, at room temperature and -120ºC. 
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A lower deformation temperature leads to higher stress at large strains. As demonstrated by 
Cottrell and Stokes in their pioneer work [Cottrell1955], this is mainly due to a higher 
work-hardening rate (i.e.: lowering of the annihilation rate) while the yield stress is only 
moderately affected. Comparing with low carbon steel behavior, the evolution of strain 
hardening rate is opposite, as shown in fig. 5.9. Moreover, the shape of the curves follows 
the same trend line, while for low carbon steel different shape is exhibited at room and low 
temperature; e.g., at low temperature, for low carbon steel a trend line of θ=f(γ) curve 
seems to be sufficiently described by a linear function, while for room temperature a more 
complex function is necessary, leading in a larger discrepancy at the beginning of plastic 
deformation. 
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Figure 5.9 Work-hardening rates versus shear strain for monotonic test at room 
temperature and -120 ºC. 
The structural observation of AA 1050-O deformed 26% in shear, shows the same 
evolution of the dislocation substructure at both temperatures, namely dislocation walls 
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that surround nearly defect free cells (figure 5.10) [Lopes 1999, Lopes 2003]. A TEM 
observation of sample loaded at -120ºC is shown in figure 5.11. 
 
Figure 5.10 Composite image of the dislocation structure in three observation planes, RD-TD, SD-
ND and WD-ND (SD and WD are shear and width directions, respectively) after simple shear of 
AA1050-O at a shear strain at 90º  from the rolling direction of about 0.3 [Lopes 2003].  
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Figure 5.11 TEM observations of dislocation structures developed in the aluminium alloy during a 
shear test at –120 ºC up to a shear strain equal to 0.26. 
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5.3 Continuous and strain reversal tests at constant temperature 
The next step involves prestrains followed by reloading in forward and reverse directions 
after 0.26 prestrain in shear. The analysis of the mechanical behavior is made by 
comparison with a set of reference shear stress - shear strain curves obtained from 
monotonic loading. For forward loading (i.e. prestraining, unloading and reloading in the 
same shearing direction; it is called continuous test) at constant temperature, the curves are 
coincident with the monotonic one (which is simple shear test), independently of 
temperature or material. Figures 5.12 and 5.13 show the behavior on reverse loading (i.e. 
prestraining, unloading and reloading in the opposite shearing direction) of AA 1050 and 
low carbon steel, respectively.  
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Figure 5.12 Monotonic and reverse simple shear tests performed on the aluminium alloy 
either at room temperature (lower curves) or at -120°C (upper curves).  
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Figure 5.13 Forward and reverse simple shear tests performed on the low carbon steel 
either at room temperature (lower curves) or at -120°C (upper curves).  
For both materials and at both temperatures, a typical transient behavior is observed after 
the onset of reverse loading: a rounded yield point followed by a nearly flat plateau and 
final hardening branch that leads to the saturation stress. This suggests that for both 
materials, the physical processes that take place during their reverse loading is similar.  
While this behavior was expected (based on the hypothesis that the transient behavior is 
due to the dissolution of dislocation walls developed during the prestrain) for aluminium 
and also for steel prestrained at room temperature, the existence of transient at low 
temperature is more surprising. For low carbon steel prestrained at low temperature, the 
dislocation walls does not developed, which means that the presence of transient hardening 
can not be explained by their dissolution.  
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Moreover, it can be seen that the transient extends over a significant strain range. The 
range of the transient can be defined as the difference in strain between the two associated 
inflection points (see fig. 5.1). The length of these plateaus are measure and the values are 
reported in Table 5.2 for all combinations of temperature (i.e. constant or jump) tests. 
Table5.2 Features of the transient plateau for strain reversal tests. The prestrain and 
reloading temperatures may be either room temperature or -120ºC 
  Prestrain 
temperature 
Reloading 
temperature 
Strain at the 
first inflexion 
point (γ1) 
Strain at the 
second inflexion 
point (γ2) 
Length of 
the 
transient 
Hardening-rate 
for continuous 
loading (θ0) 
298 K 298 K 0.11 0.36 0.25 31 MPa 
178 K 298 K 0.16 0.425 0.265 0 MPa 
178 K 178 K 0.07 0.245 0.175 49 MPa AA1050 
298 K 178 K 0.095 0.17 0.075 62 MPa 
298 K 298 K 0.12 0.41 0.29 116 MPa 
178 K 298 K 0.07 0.315 0.245 115 MPa 
178 K 178 K 0.24 0.57 0.33 68 MPa 
Low 
carbon 
steel 
298 K 178 K 0.31 0.72 0.41 52 MPa 
Comparing the results obtained for AA 1050 and low carbon steel, an opposite variation of 
the transition range is observed; decreasing the reloading temperature leads to an increase 
of the transient for steel and a decrease for aluminum.  
TEM observations performed on samples from the plateau zone show that the dislocation 
structure is significantly different than that in specimens corresponding to regions of the 
stress-strain curve outside the transient. In the transient region, cells are observed to 
dissolve in aluminum (see for example figure 5.14) but also in steel when the prestraining 
conditions have lead to cell formations.  
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Figure 5.14 Wall disintegration observed in AA1050 after a strain reversal test just after 
reloading. At larger strain the substructure will be similar to Fig.5.10. 
The dissolution process was reported in the past by [Hasegawa1975 and 
Christodoulou1986] for f.c.c. materials, and for low carbon steel, a complete report can be 
found in [Rauch1991]. By contrast, the nearly homogeneous structure produced by a low 
temperature prestrain in steel, does no exhibit dramatic changes when the sample is 
reloaded in the reverse direction (Fig 5.15). 
   
1µm 
 
1µm 
 
Figure 5.15 TEM observation of dislocation structures observed in a grain with >< 111  
axis normal to the low carbon steel sheet plane just after reloading (plateau zone) for 
Bauschinger test at -120 ºC. 
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5.4 Sequential loading coupled to a change of temperature 
In order to probe the sensitivity of the mechanical behavior to both deformation and 
temperature conditions, additional tests were conducted with different prestrain and 
subsequent deformation temperatures. This leads to four new situations that combine 
continuous or strain reversal sequences and jumps in temperature either from -120ºC to 
room or vice-versa.   
The response of aluminum samples prestrained at low temperature (-120ºC) and reloaded 
in the forward or reverse direction at room temperature, is shown in figures 5. 16.  
0
20
40
60
80
100
120
0 0.2 0.4 0.6 0.8 1γ
Continuous test
           Monotonic test at 20 ºC
Reverse test
AA 1050-O prestrained at
 -120 ºC and reloaded at 20 ºC
Prestrain at -120 ºC
τ  [
M
Pa
]
 
Figure 5.16 Forward and reverse simple shear tests performed on the AA1050. Prestrain 
was performed at -120°C and reloading at room temperature. The room temperature 
monotonic test was added for reference. 
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The opposite temperature sequence, namely the cooling samples after prestrain at room 
temperature and reloading in the forward or reverse direction lead to mechanical behavior 
represented in figure 5.17. 
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Figure 5.17 Forward and reverse simple shear tests performed on the AA1050. Prestrain 
was performed at room temperature and reloading at -120°C. The low temperature 
monotonic test was added as a reference curve. 
The transient in strain hardening is clearly visible in the reverse reloading test performed at 
room temperature (Fig. 5.16). The range of the transient is larger when the reload is 
performed at a temperature larger than that of the prestrain. If the reloading temperature is 
smaller than that of the prestrain, the transient almost disappears. In fact, at first view, no 
transient is observed in this case (Fig. 5.17), but in reality, weak inflexion point can be 
measured.  
 98
 
Chapter 5 – Experimental methodology to analyze the work-hardening/softening behavior 
of metals subjected to sequential loading 
  
As for continuous loading, the aluminum alloy is strongly sensitive to the temperature 
change. Specifically, in case of heating from -120º to room temperature, a small and 
possibly negative strain hardening rate is obtained. Cottrell and Stokes [Cottrell1955] 
reported such softening in case of heating. On opposite sense is the response of the 
material in case of cooling, namely a considerable positive hardening is recorded.  
The transient behavior for low carbon steel depends as well on the temperature path (Fig. 
5.18 and 5.19). The range of the transient corresponding to the present case is larger when 
the temperature is decreased (Fig. 5.19) and smaller if the temperature is increased (Fig. 
5.18) relative to the temperature at which the prestrain was performed. This is opposite to 
what is observed in Al.  
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Figure 5.18 Forward and reverse simple shear tests performed on low carbon steel. 
Prestrain was performed at -120°C and reloading at room temperature. The room 
temperature monotonic test was added for reference. 
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Figure 5.19 Forward and reverse simple shear tests performed on low carbon steel. 
Prestrain was performed at room temperature and reloading at -120°C. The low 
temperature monotonic test was added as a reference curve. 
For the continuous tests, the strain hardening is nearly unaffected by the temperature 
change, but the stress level depends on the temperature path. Namely, the sample 
prestrained at -120ºC requires a lower stress for its deformation at room temperature than 
the sample deformed through monotonic test (fig 5.18) and higher stress is necessary at 
low temperature reloading if the prestrain was performed at room temperature (fig5.19). A 
possible reason for this unusual phenomenon (i.e. stress level dependence by prestrain 
temperature) is that, for this steel and probably for all b.c.c. materials, the dislocation 
accumulation rate is higher at room temperature. This peculiar stress-strain behavior was 
already observed for similar conditions by Johnson et al [Johnson1990]. 
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The dislocation structure corresponds to the last deformation conditions. As was shown in 
§5.2, in case of aluminum, no effect of temperature on the substructure was observed. In 
these conditions (i.e. after prestrain, the material presents the same substructure composed 
by a dislocation walls independently of prestrain temperature), when the temperature is 
abruptly changed, the expected evolution of dislocation distribution take place, namely, the 
cell structure is reinforced or dissolved as for the corresponding deformation sequences at 
constant temperature. 
For steel, the trend is different. As mentioned above, the rate at which the pattern develops 
is higher at higher temperature. Consequently, a sample prestrained at -120C and reloaded 
at room temperature experiences a progressive transformation of the homogeneous 
dislocation distribution into a cell structure. Such transformation is visible in Fig 5.20. In 
contrast, there is no abrupt evolution of the dislocation walls for a sample that was 
prestrained at room temperature, with subsequent deformation at a lower temperature (Fig 
5.21). 
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Figure 5.20 TEM observation of dislocation structures of low carbon steel observed just 
after reloading (plateau) for a test where the temperature was increased before reloading, 
from –120 ºC to room temperature. 
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Figure 5.21 TEM observation of dislocation structures of low carbon steel just after 
reloading (plateau) for a test where the temperature was decreased before reloading, from 
room temperature to –120 ºC. 
5.5 Discussion 
The present results show that during reverse loading a transient hardening rate is recorded 
for both materials. This is independent of the temperature sequence used in the tests. The 
origin of this phenomenon is attributed to the evolution of the dislocation microstructure. 
The texture evolution is considered unlikely to account for the observations. This 
affirmation is based on two arguments: i) according to [Lopes1999], a typical <111> fiber 
texture representative for low carbon steel remains nearly unchanged upon in-plane simple 
shear loading; and ii) based on the X-ray measurements performed in this work at various 
shear strains, the texture evolution in low carbon steel is unaffected by changes of 
temperature. In aluminium, in spite of its strong dependence on grain orientation (i.e. 
texture), the shear test performed in any shear direction shows the same transient behavior.  
TEM observations can be used to determine the dislocation distribution and type. In the 
observations described above, only the degree of patterning was qualitatively 
characterized, while the exact content of the tangles (i.e., density, parent slip plane) is not 
revealed and hard to determine at large strains.  
 102
 
Chapter 5 – Experimental methodology to analyze the work-hardening/softening behavior 
of metals subjected to sequential loading 
  
In low carbon steel the transient behavior does not depend of the degree of pattering. 
Consequently, for both materials, the mechanical behavior during reverse loading is 
qualitatively identical, and it is believed that the plateau is correlated to the dislocation 
densities but not to their distribution (e.g. cell disintegrations). 
Quantitatively, it was shown that the length of the transient plateau is material dependent; 
while in aluminum it increases with increasing temperature, the opposite is true for steel. 
Through additional tests performed with changes in temperature, and also analyzing the 
behavior upon forward loading, it appears that the transient length depends on the 
hardening rate of the reloading in continuous test and identical temperature conditions. As 
a rule, if the strain hardening rate vs. temperature exhibited in continuous loading is higher 
in reloading than in prestrain, the length of the transient is lower (i.e. the case of aluminum 
prestrained at RT and reloaded at -120ºC (fig.5.17) and low carbon steel deformed in a 
sequences low-room temperature (fig.5.18)), and it becomes higher if the reloading 
hardening rate is lower than the one corresponding to prestraining (i.e. the case of 
aluminum prestrained at -120ºC and reloaded at RT (fig.5.16) and low carbon steel 
deformed in a sequences room-low temperature(fig.5.19)). 
The correlation between the length of transient and the hardening rate is represented in 
figure 5.22. The trend lines corresponding to the strains that define the first and second 
inflexions points are similar for both materials, namely increasing with decreasing of the 
corresponding hardening rate (θ0) (as defined in fig. 5.1). Moreover, the length of the 
transient decreases upon increasing hardening rate. The relative positions of the data 
corresponding to a temperature sequences are inverted on this plot, from one material to 
another. Therefore, the feature of the transient hardening seems to be merely connected to 
the evolution of the hardening rate of the material loading during monotonic test and 
specific thermal conditions. This suggests that the physical processes responsible for the 
transient softening follows the same rules for the two materials whatever the temperature 
and that the resulting effect is either magnified or hidden depending on the hardening 
process pertaining to the given deformation conditions (i.e., material and temperature). In 
other words, the physical processes under investigation are the same for the two materials 
despite the apparent dissimilarities.  
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Figure 5.22 Strains at which appear the first or second inflexion points for the two 
materials versus the intrinsic hardening rate (see text for details). 
The existence of a transient hardening rate suggests that the storage or annihilation process 
for a particular dislocation is not the same if the defect was created during prestrain or after 
strain reversal. This is quite obvious for a newly generated dislocation loop that will either 
expand or annihilates immediately if the test is either continued or the stress reversed. The 
fact that the plateau extends over several tens of percent suggests that the memory of the 
deformation history is long. Accordingly, either the mean free path or the annihilation rate 
(or both) is different for dislocations generated during forward and reverse loading. One of 
the main conclusions of the present work is that this history information is not 
characterized properly by TEM observations at the cell structure scale. For example, the 
cell walls disintegration observed in some of the cases appears to be one of the possible 
consequences of the change of stress state. When the cell structure is not formed during 
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prestrain, disintegration is not observed but the evolution of the stored dislocations is 
nevertheless modified by stress reversal.  
While the constantly decreasing strain hardening rate pertaining to monotonic deformation 
may be modeled with a single parameter [Mecking1981], the existence of a transient 
plateau in the stress-strain curves means that at least two physical processes operate during 
the strain reversal tests, thus at least two parameters are required to model the underlying 
processes.  
Most of the existing flow laws consider geometric parameters related to the dislocation 
distribution (cell wall spacing, dislocation densities in the wall or in the cell interior). In 
view of the present results, it appears more appropriate to divide the dislocation density in 
two components that are related respectively to the prestrain and the reloading. The 
procedure is similar to the splitting of the defects population in forest and mobile 
dislocations. The difference here is that the two groups, dislocations produced during 
prestrain and dislocations produced during reloading, differ through their evolution/history 
law rather that through their mobility. The long extent of the plateau indicates that, instead 
of generating new dislocations, the load reversal process re-activates a fraction of the 
available dislocations moving them in the reverse direction. The same effect is obtained by 
considering that during stress reversal, the pre-existing dislocation density (prestrain 
dislocations) decreases while the new dislocation density (reloading dislocations) slowly 
increases. The net effect would be that the total dislocation density remains nearly constant 
over a significant range of strain leading to the observed transient hardening rate. Again, 
this process does not differ significantly if the dislocations are trapped in cell walls or are 
homogeneously distributed. These mechanisms were captured in very simple analytical 
expressions proposed for strain reversal tests in earlier works [Rauch1992, Rauch1991] 
and more recently in [Rauch 2007]. 
5.6 Partial conclusion 
The low carbon steel and AA1050 were analyzed by monotonic, continuous and reverse 
loading tests coupled with temperature change. The principal conclusions are: 
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√ The transient behavior during reverse loading is observed for both materials and 
under all temperature conditions considered. 
√ The dislocation distribution and its evolution depend on the material and 
temperature: when the cell structure is developed during prestrain, its dissolution is 
observed after reversed loading. This is a case in aluminum, for all temperature 
conditions considered, and in steel prestrained at room temperature. For the steel 
prestrained at low temperature, no specific dislocation organization evolution is 
observed. 
√ It is believed that the transient stagnation of strain hardening is governed by 
physical process correlated to the evolution of the dislocation density generated 
during the prestrain and their evolution during reloading. This process has no 
unique signature on the TEM micrographs taken at the cell scale. 
√ During continuous loading of steel, the stress level depends on the temperature 
path, being higher if the prestrain was performed at temperature higher than 
reloading temperature (RT followed by -120ºC) and lower if the prestrain was 
performed at lower temperature than temperature of reloading (-120ºC followed by 
RT). This in fact is related to the material “memory”, more specific, to the higher or 
lower dislocation accumulation rate of the prestrain. The strain hardening rate 
seems to be similar to that of the monotonic curve at the respective temperature 
√ Aluminum subjected to continuous loading is also sensitive to temperature; similar 
conclusions apply. In this case, the strain hardening rate is also strongly influenced 
by the temperature change. 
√ The behavior of both materials seems to be strongly correlated to the strain 
hardening rate characteristic to first and second loading, which at the microscopic 
level is correlated to the dislocation density. In other words, modeling the behavior 
of the single phase materials should account for the dislocation density produced 
during prestrain and that produced during reloading. 
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In the last decade, it was repeatedly claimed that the property of submicron or ultra-fine 
grained alloys are enhanced. Namely increases is observed for strength, superplasticity 
occurs at lower temperature and new classes of materials may be produced, like high 
strength aluminum alloys that do not require age hardening. Thus, techniques for the 
production of submicron-grained alloys are of considerable scientific and commercial 
interest. Of particular importance are cost effective methods that can be used to produce 
bulk materials. Two methods for achieving this goal are described in the following, 
namely, equal channel angular extrusion (ECAE) and asymmetric rolling. 
6.1 The Equal channel angular extrusion (ECAE) process 
6.1.1 Introduction 
This method was originally development in the former Soviet Union by Segal [Segal1981,  
Segal1995, Segal1999] and involves subjecting a piece of material to severe plastic 
deformation by repeatedly shearing a billet under constrained conditions, in a die with two 
channels of identical cross section that meet at an angle (Φ). The general principle of 
ECAE is shown in figure 6.1.1.  
 
Figure 6.1.1 Schematic representation of ECAE process, illustrating the constructions used to 
determine the shear of an element for sharp die corner after Segal [Segal1995]. 
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The material is deformed by simple shear in the plane between the two channels and is 
subjected to a superimposed hydrostatic pressure resulting from the geometry of the 
process. As extrusion goes on, the volume is progressively deformed layer after layer. 
Assumed that the optimum lubrication conditions permit the friction between billet and 
channel wall to be neglected, and using the notation in fig. 6.1.1, it follows that shear strain 
(γ) is given by: 
 
cq
qd
′
′=γ  where   dc  and cq =′ ( )φ==′=′=′ cotdcpqpdbcad   (6.1) 
 
Therefore, the imposed shear deformation mode after one pass can be deduced as 
[Segal1995]:  
( )φγ cot2=    (6.2) 
where φ  is half the internal angle between the two channels.  
The Von Mises effective strain per pass is thus: 
( )φε cot
3
2=eq   (6.3) 
So, two important features of the process are that the shear strain per pass through the die 
is determined by the die angle [Segal1995] and that after each pass the billet shape remains 
approximately constant [Bowen2000]. To deform alloys up to severe plastic strains, the 
constant billet geometry gives a big advantage over conventional metal working processes, 
like rolling or extrusion, where the work-piece is always reduced in one or two dimensions. 
In these processes, strains of typically 5 may be obtained but only for foils or filaments that 
are of little use for structural purpose. 
Because the billet shape remains constant, there is no geometric restriction to the 
maximum strain that can be reached in ECAE. In practice, alloys have been processed to 
strain of around 10 using this method.  
Therefore, the sample can be introduced in the first channel and extruded several times and 
the accumulate strain is theoretically unlimited. On the other hand, from a practical point 
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of view, nearly steady states in both microstructure and mechanical properties are reached 
after eight to ten passes [Ferrase1997, Iwahashi1997].  
The shear strain and Von Mises equivalent strain after n passes is: 
( )φγ cot2n=  and ( )φε cot
3
2 neq =  , respectively.  (6.4) 
Another important processing parameter is the billet orientation change between successive 
passes. With multiple passes there are numerous combinations of possible rotations which 
create new opportunities to develop different structures, textures and properties in the same 
material through modification of the shear planes and shear directions during the extrusion. 
Basically, all situations can be reduced to combinations of four routes: 
 
 
Figure 6.1.2 Three dimensional scheme of Equal channel angular extrusion equipment (P=punch 
pressure; χ angle rotation around Oy axis; ED, ND, TD are exit, normal and transverse direction) 
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Consider the three dimensional scheme of ECAE presented in fig. 6.1.2, the deformation 
routes is characterized by the angle χ, that represents the rotation of the billet around its 
main axis after each pass. Routes are labeled as follows: 
Route A – the billet orientation remains unchanged (χ = 0º); 
Route B – the billet rotates alternatively + 90º after each pass (χ = +90º); 
Route C - the billet rotates 180º after each pass (χ = 180º); 
Route D - the billet rotates 90º into the same direction after each pass (χ = 90º). 
The effect of sample rotation on the total shear strain after n extrusion cycles can be 
obtained by simply rotating the billet around the Oy direction through the appropriate angle 
between each cycle to find the new shear plane from: 
[ ] ( )[ χεγ 1
1
−=
=
∑= iijni
i
ijn R ]   (6.5) 
where [Rij] is a rotation matrix, [εij] the strain tensor and χ the rotation angle. Hence, after 
four extrusion cycles, the algebric summation of the shear strains for the named routes are 
gives in table 6.1. 
Table 6.1 The shear strain developed by ECAE with the A, B, C, D routes during the first four 
passes. 
Route A Route C Route B Route D Nº 
Cycles χ γn χ γn χ γn χ γn
1 0º εxz 0º εxz 0º εxz 0º εxz
2 0º 2εxz 180º 0 90º εxz+εyz 90º εxz+εyz
3 0º 3εxz 0º εxz 0º  2εxz+εyz 180º 0 
4 0º 4εxz 180º 0 90º 2εxz+2εyz 270º εxz
It is worth noticing here, that the evaluation of effective strains after different routes can be 
obtained in two ways, i.e. the effective strains for each extrusion cycle are summed or the 
shear strain are first summed and then converted to an effective strain [Gholinia2000]. 
Anyway, both present a problem when attempting to model deformation processes, 
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because neither method is representative of the deformation structures developed in a 
redundant strain process [Davenport1999]. 
Because between two successive extrusions, a change of strain path takes place, the 
parameter α (defined by eq. 2.44 from §2.3.7) proposed by Schmitt et al. [Schmitt1994] 
can be use to measure the magnitude of the strain path. Its value, as calculated by Dupuy 
[Dupuy2002], for ECAE process is given by: 
( )( )22 cos12sin
2
1cos χφχα +−=    (6.6) 
Where φ  and χ  are the angles associated with the device geometry (fig. 6.1.1) and with 
the rotation that generate the route (fig. 6.1.2), respectively. It was noticed that α is 
negative whatever the devices and the procedure parameters, which means that it is 
impossible to perform a linear or continuous loading (α=1) with this process. 
Each route has a specific set of shear planes, directions and element distortions, which 
provide a different effect on material microstructure, texture and properties. These routes 
may develop characteristic patterns of shear bands along shear planes with corresponding 
high angle boundaries at each pass. Material element distortions and final orientations of 
shear directions induced after 1, 2, 3 and 4 passes via route A, B, C and D for long billet 
with low friction and tool angle 2φ=90º can be seen in figure 6.1.3 and 6.1.4 respectively. 
 
Figure 6.1.3 Material element distortion after four passes of ECAE (2φ=90º) via routes A, B, C 
and D [Segal2004] 
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Figure 6.1.4 Final orientation of shear planes after 1, 2, 3, and 4 passes via routes A, B, C and 
D[Segal2004] 
6.1.2 Experimental Techniques 
In the present work, some research efforts were dedicated to the ECAE process. In this 
scope a 100kN testing machine available at GPM2 at Grenoble was employed. The 
channels forms an angle equal to 90º and have a square cross-section of 10 X 10 mm which 
enable a maximum applied pressure of 1GPa. Because the IF steel is characterized by a 
high flow stress, this maximum limit of the machine implies the use of “sandwich” billet in 
order to extrude the IF steel. Thus, the billet is formed by 4 plates (figure 6.1.5), two of If 
steel (in the middle) and two of commercial pure aluminum (at both side exterior). 
Samples have a length of about 40 mm. To reduce the friction, both the sample and tooling 
are lubricated with molybdenum disulphide (MoS2) mineral grease.  
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Figure 6.1.5 Schematic representation of ECAE “sandwich” sample. 
In order to perform multi-pass processing, it is necessary to avoid the effect of compressive 
pressure that leads to a released billet whose cross-section is larger than the channel after 
the extrusion. For that reason, the outlet channel is slightly smaller than the inlet one, with 
dimension 9,9 X 9,9 mm, which implies that the billet is further extruded in the exit 
channel after the main extrusion. A second punch parallel to the exit channel is used to 
push out the billet after the ECAE pass. This punch is moved with a pressing screw. The 
two channels on the extrusion device being perpendicular, one extrusion leads to shear 
strain equal to 2 and an equivalent Von Misses strain equal to 1.15. The billets were 
processed by ECAE at room temperature for one to six passes via routes A and C. Some 
samples were annealed at 600ºC during 1 hour after the extrusion. 
Simple shear tests were performed on extruded and annealed sample. In order to avoid the 
“end effect” related to ECAE billets, the shear sample has the dimensions of about 
10x20x0,75mm (width x length x thickness, respectively). Both types of samples are show 
in figure 6.1.6. Crystallographic textures were measured by means of X-ray diffraction, on 
a Philips X’pert goniometer (for details see § 3.3.2). Texture measurements were made on 
the plan parallel to exit direction of ECAE process, i.e. (xOy) plan as represented fig. 6.1.2. 
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a)    b)   
 
Figure 6.1.6 Sample of ECAE (a) and shear (b). 
6.1.3 Mechanical behavior of IF steel 
Typical extrusion curves are shown in figure 6.1.7 for one to six extrusions via route C. 
The applied pressure necessary to extrude the material depends on its yield stress (σ0). It 
can be seen an increase in stress between the first and second extrusion, following a 
saturation for the next extrusions.  
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Figure 6.1.7 Pressure-stroke curves for ECAE at room temperature in route C. 
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Figure 6.1.8 Simple shear tests for the IF steel extruded 6 passes via route A and C. The 
test of as received material was used as reference. 
The mechanical properties of the material are analyzed through simple shear test. The 
curves are showed on figure 6.1.8. For both routes, after six passes, the strength of the 
material has increased drastically in comparison with the virgin sample. Also, this behavior 
depends on the route, being higher for route A than route C. This hierarchy is not 
systematically obtained. Indeed for AA5xxx aluminum alloys the same evolution was 
observed for samples extruded via route A and C at room temperature [Dupuy2000]. For 
IF steel, the strength is increased drastically comparative to the as received sample; for 
example, the ratio between the saturation stress (σA and σC) corresponding to route A and 
C respectively, and the stress level of the as received material (σr) corresponded to strain at 
which the saturation is reached, is around 4. After six passes, the material formability is 
severely reduced down to around 0.015 shear strain. Consequently, in order to improve 
formability, the material was annealed at 600ºC during 1 hour and tested again. In this 
way, the previous problem seems to be solved but in detriment of the strength level.  As 
can be seen in figure 6.1.9, the material sustains again 100% shear strain. The flow stress 
corresponding to the sample extruded by route C is parallel to the one exhibit by the virgin 
 115
 
Chapter 6 – New techniques to improve the strength and the formability of metals through 
grain refinement 
  
sample. At the same time, the flow stress corresponding to the sample extruded by route A, 
after about 0.5 shear strain, show an almost constant mechanical resistance which suggests 
that a steady state is nearly attained.  
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Figure 6.1.9 Simple shear tests for the IF steel extruded 6 passes via route A and C and 
annealed at 600ºC/1h. The test of as received material was used as reference. 
The discrepancy appeared between strength and ductility, suggests that new heat treatment  
should be tried in order to find the conditions which provide the best compromise between 
both features of the material. In fact, the severe plastic deformations introduce in materials 
a high level of internal stress with its source in the grain boundary [Valiev 2000]. The 
materials are characterized by a high angle grain boundary, which are essentially non-
equilibrium. The mechanical behavior is characterized by a high value of yield strength, 
which is probably connected with difficulties of dislocation generation from non-
equilibrium grain boundaries usual in nanostructured metals [Lian 1995] and almost 
missing hardening rate as a consequence to the accelerated diffusion which leads to 
intensification of processes of recovery at grain boundaries and the development of grain 
boundary sliding [Valiev 2000]. Usually, the specific heat treatment is required to reduce 
the internal stress and prepare the materials for practical application. For instance, a short 
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annealing does not lead to a noticeable growth of grains, but results in recovery of the 
defect structure of the grain boundaries and a sharp decrease of internal stresses [Gertsman 
1997]. This leads to a sharp decrease in the yield strength and appearance of strain 
hardening that can be explained by the fact that at grain boundaries with more equilibrium 
structure the dislocation generation is facilitated and the rate of recovery at these grain 
boundaries is decreased. On the other hand, superplastic forming, which is one of the metal 
forming processes for with ultrafine grained structure is required, is a high temperature 
process. So, in order to take full advantages of ultrafine grained materials including the 
mechanical superiority and the potential of high formability, an ultrafine grained structure 
should be maintained stable during long heat treatments or service conditions. A special 
attention should be paid to reduce grain growth, since it was revealed that ultrafine grained 
materials obtained by the severe plastic deformation exhibited more enhance grain growth 
behavior than the conventional fine grained materials. 
6.1.4 Structural observation of IF steel 
The TEM observation of the six-passes extruded sample in route C show the formation of 
an ultrafine microstructure composed of strongly elongated lamellae co-exiting with 
features that look like nearly equiaxed subgrains (figure 6.1.10). TEM observation of the 
annealed sample (previously extruded in route C six-passes) confirms that a subgrain 
growth takes place during the heat treatment (figure 6.1.11). Here, the substructure is more 
well-defined with numerous equiaxed grains. 
 
0.5µm 
Figure 6.1.10 TEM micrograph showing the microstructure of the deformed sample after 6 
passes of ECAE via route C.  
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0.5µm 
Figure 6.1.11 TEM micrograph showing the microstructure of the deformed sample after 6 
passes of ECAE via route C and annealed at 600ºC/1h. 
6.1.5 Texture evolution of IF steel 
In order to interpret the evolution of crystallographic texture during ECAE process, it is 
important to specify clearly what type of deformation takes place. Although it was 
established that extrusion promotes mainly simple shear deformation, a polemical 
interpretation concerning to shear plane and shear direction [Huang 2001, Zhu 2000, 
Gholinia 2002] existed (see figure 6.1.12 for details [Rauch 2002b]).  
 
Figure 6.1.12 Schematic representation of two types of shear that are supposed to occur 
during extrusion, from [Rauch 2002b]. 
For this reason, new experimental and theoretical arguments have conclusively shown that 
the deformation occurs by simple shear, parallel to the intersecting plane of the channels 
[Rauch 2002b, Beyerlein 2003, Tóth 2004, Li 2005a, Li 2005b, Messemaeker 2005]. These 
arguments are based on the comparison between textures obtained after ECAE with the 
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one obtained on simple shear test, i.e. showing the same feature in both cases. To go one 
step further, it was demonstrated that the evaluation of orientations developed during 
ECAE process can be understood like the one derived from simple shear deformation by a 
TD-rotation of θ (see figure 6.1.14 for definition of TD and θ ). Thus, the quantitative 
description of ECAE textures, was carried out by using the ideal orientations map after a 
single pass of ECAE with an angle of 90º die, proposed by [Li 2005b]. A list of Euler 
angles of these ideal orientations and their location on the (110) pole figure is given in 
table 6.2 and figure 6.1.13, respectively.  
Table 6.2 Ideal orientation and basic fibers of interest for bcc material in a single pass of ECAE 
deformation with an angle die 90º [Li2005]. 
 
 
Figure 6.1.13 (110) pole figure showing the ideal orientations (symbol) and partial fibers (thick 
solid lines) in a single pass of ECAE deformation with an angle die 90º [Li2005a]. 
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For bcc metals they are distributed along fiber that can be designated as { } θuvw110  and 
{ } θ111hkl (abbreviated to {  and }θ110 θ111 , respectively), while the subscript θ indicates 
the TD-rotation. In addition of pole figures, the ODFs of some representative texture are 
presented in figure 6.1.16. The b1 ( )DED θθθ 12 , b2 θθθθ 2  and b3 
θθθθ FJED −−−1  fibers are indicated by solid lines across the φ2 sections. The b1 fiber 
only contains orientations belonging to the θ111 fiber, whereas the b2 and b3 fibers 
consist of both the {  and }θ110 θ111  fibers. 
( )DEJF −−− −−
( )
The initial texture measured for the IF steel, as shown in figure 6.1.14 is featured by a 
typical fiber texture with ND111 . 
 
Figure 6.1.14 Evolution of (110) pole figures during ECAE process via route A. 
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In route A the pole figure (fig. 6.1.14) shows the presence of both {  and }θ110 θ111  
fibers. The stronger fiber appears to be θ111 fiber from D1θ. From the ODFs (fig. 6.1.16), 
the texture is characterized by orientation concentration along the b1, b2 and b3 fibers. 
Beginning with the D2θ orientation, the b1 fiber passes through the Eθ orientation, ending at 
D1θ. Fiber b2 include both the ( )θθθ EJF −−  orientation along the { }θ110  and  
orientation along the 
( )θθ 2DE −
θ111  and they meet at Eθ. Fiber b3 is symmetrical to b2, contains 
the ( )θθθ FJE −− { }θ110  and ( )θθ ED −1 θ111  partial fibers, which meet at the θE  
orientation. 
 
Figure 6.1.15 Evolution of (110) pole figures during ECAE process via route C. 
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The pole figure of the sample extruded in route C shows a uniform distribution of the 
components from both {  and }θ110 θ111  fibers. Analyses of ODFs (fig 6.1.16) indicates 
nearly complete {  and }θ110 θ111  fibers. This suggests incomplete reversal deformation 
during the even-numbered passes.  
 
 
Figure 6.1.16 ϕ2 = constant ODF sections (from 0º to 90º in steps of 15º) of texture 
measured on initial shape and after six passes via route A and C. 
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6.2 Asymmetric rolling 
6.2.1 Introduction 
The ECAE technique shows that grains refinement, may lead to improvement of material 
strength at low temperature and/or its formability at high temperature. However, the 
application of the ECAE method to large dimension structural materials is thought to be 
difficult and rolling remains the most suitable process for the fabrication of large scale 
structural materials. For that reason, to take advantage of the knowledge obtained through 
the work on the ECAE process, a new type of rolling was originated, namely asymmetric 
rolling. As for ECAE, asymmetric rolling involves simple shear. It take place when 
differences in the circumferential velocities of working rolls arise from lubrication 
mismatch, different angular speeds or different roll diameters figure 6.2.1. An asymmetric 
rolling mill which uses different angular speeds is show in figure 6.2.2. Because 
asymmetric rolling process can gain such merits as less rolling pressure distribution, 
rolling  force, rolling torque and a very thin thickness with high rolling precision, it 
becomes more and more considered in the recent years. Unlike conventional or symmetric 
rolling, which can introduce shear deformation only in the surface region sheet, 
asymmetric rolling gives rise to the shear strain throughout the thickness. This shear 
deformation develops specific textures in aluminum alloy sheets, improving their plastic 
strain ratios and consequently deep drawability [Kim2001, Sakai2001] (see for example 
figure 6.2.3). 
 
Figure 6.2.1 Schematic drawings of asymmetric rolling due to (a) non-unity roll radius 
ratio, (b) non-unity roll speed ratio, and (c) single roll drive rolls [Lee2001].  
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Figure 6.2.2 Asymmetric rolling machine.  
 
Figure 6.2.3 The r-value and ∆r-value of annealed AA 5052 sheets, after asymmetric vs 
conventional rolling; (from Sakai et al. [Sakai2001]); asymmetric rolling was achieved in this case 
by one roll driven by a motor and the other roll disconnected from the driving shaft. 
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It can be seen from the last figure that in case of asymmetrically rolled sheets, the 
annealing has no effect on the r and ∆r values. Moreover, their average values, are superior 
to those of conventionally rolled and annealed sheets.  
The grains size seems to evolve during asymmetric rolling as a result of the equivalent 
strain heightened by overlapping compressive strain and additional shear strain [Cui2000].  
The schematic representation of the sheet metal processed through asymmetric rolling is 
given in figure 6.2.4, where t0 and t1 are the thickness of the sheet before and after 
asymmetric rolling and θ is the apparent shear angle at a given position of the element 
perpendicular to the surface of the sheet before rolling. 
 
Figure 6.2.4 Schematic representation of sample before and after asymmetric rolling. 
The effective refinement by asymmetric rolling strongly depends on the control of the 
rolling conditions, i.e. deformation geometry, friction between rolls (e.g. the higher friction 
leads to a higher amount of shear strain, which is exactly the opposite condition than in 
ECAE process where is required a very low friction between the sample and the channels) 
and material and asymmetric rolling schedules (fig. 6.2.5), because it is dictated by the 
uniformity of the strain distribution through the thickness. In this scope, the full 
understanding of texture and microstructure evolution during asymmetric rolling becomes 
an important factor. Fine grain alloys can be produced only if high angle boundaries 
develop during deformation.  
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Figure 6.2.5 Definition of rolling schedules. Successive rolling directions are not changed 
in UD and rotated through 180º about transverse direction in TD, rolling direction in RD, 
and normal direction in ND [Lee2001]. 
In asymmetric rolling it is usual to analyze the evolution of the texture and microstructure 
in three different surfaces layers of the material, namely the upper, the middle (center) and 
the lower layer, in order to have a complete description of deformation history through the 
entire thickness. 
6.2.2 Effect of asymmetric rolling on structure 
The asymmetric rolling produced a fine-grained structure with high angle boundaries. The 
grain structure in rolled sheet is not uniform through the thickness.  The investigation of 
grain boundaries is made by Electron Backscatter Diffraction (EBSD) technique. Previous 
works of Kim et al. performed on pure aluminium [Kim2002], show the TEM 
microstructure of the upper, center and lower layers of the 91% rolled specimens as well as 
the effect rolling schedules, i.e. unidirectional (UNI) in which the rolling direction and the 
specimen position is not changed and alternating direction (ALT) in which the rolling 
direction are unchanged but the sample position is rotated around the rolling direction after 
each pass (fig. 6.2.6).  
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Figure 6.2.6 TEM micrograph of AA1050 sheets asymmetrically rolled by 91% in uni-
directional (UNI) and alternating direction (ALT) [Kim2002]. 
These results showed a uniformly distributed subgrain structure with high angle grain 
boundaries for unidirectional asymmetrical rolling, while for alternating direction, the 
sheets exhibited less refined and non-uniform microstructure. Considering the evolution of 
new fine grains during asymmetric rolling as results of the simultaneous action of two 
deformation modes, namely compression and additional shear deformation, the two types 
of routes (UNI and ALT) can be described by a combination of compression with forward 
and reverse shear, respectively. However, in order to obtain a more uniform structure, 
higher shear strain through the thickness should be applied, which can be obtained by the 
higher reduction per pass [Kim2001]. 
6.2.3 Effect of asymmetric rolling on texture 
It is well know that the <111>//ND component in the shear deformation texture can 
improve the plastic strain ration for both (bcc) and (fcc) materials [Lequeu1988]. As was 
shown before, asymmetric rolling imposes shear deformation and in turn shear deformation 
textures to sheets through the thickness. Lee at al. studied extensively the evolution of 
texture both for pure aluminium (fig. 6.2.7) [Kim2001, 2002] and for steel (fig. 6.2.8) 
[Lee2001]. They concluded that the ideal shear deformation texture cannot be obtained by 
unidirectional asymmetric rolling, but can be obtained by reversing the asymmetric rolling 
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direction one after another (i.e. imposing negative shear after positive shear); nevertheless, 
the magnitude of shear strains should be controlled.  
 
Figure 6.2.7 {111} X-ray pole figure of AA1050 sheets asymmetrically rolled by 91% in 
unidirection (UNI) and alternating direction (ALT) [Kim2002]. 
 
Figure 6.2.8 Measured (110) pole figures of IF steel sheet rolled by 70% with about 20% 
per pass; ND, RD, TD, UD are defined in fig. 6.2.4 [Lee2001]. 
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6.3 Discussion 
Both techniques previously described, shared the same objective, namely, to improve the 
strength and formability of metals through the refinement of grain by severe plastic 
deformations.  
Drastical increases in strength can be explained through the accumulation of dislocations in 
the vicinity of grain boundary, the latter being obstacles for the movement of mobile 
dislocations. This mechanism can be described by an increase of ρ (i.e. dislocation density) 
and a decrease of d (i.e. grain size) and can be estimated by 6.7 relationship [Dupuy2000]: 
0σραµσ ++= d
KbM    (6.7) 
where σ0 is the friction stress, µ the elastic shear modulus, b the length of the Burgers 
vector, M the Taylor factor  and α  the average intensity of the dislocation interaction, K is 
a fitting parameter. 
Concerning the formability, for room temperature this is rather low, but increasing the 
temperature the formability can be improved, approaching even superplastic behavior; for 
example, elongations to failure of >1500% have been reported after ECA pressing of an 
Al–Mg–Sc alloy [Komura2001] and the commercial 1420 aluminium alloy [Valiev2001] at 
the relatively low temperature of 400 ºC. As was shown before, introducing the shear 
deformation through the entire thickness of the shape, i.e. shear texture, it is possible to 
increase the normal anisotropy, which improves deep drawability of metals. Besides the 
control of the evolution of the structure and the crystallographic texture during severe 
plastic deformation process, it is necessary to find adequate annealed treatment which stays 
below the thermal stability threshold. Nevertheless, the effective impact of previous 
techniques on improve formability is not noticeably yet, but it is believed that finding the 
best combinations of the system {structure, texture, annealing} will permit the objective to 
be reached. For example, Jin & Lloyd [Jin 2004], shows that by combining the asymmetric 
rolling with specifically annealing temper is it possible to increase the tensile ductility of 
ultra-fine grained Al-Mg alloy. This is performed through the formation of a “duplex grain 
structure” by introducing 20-45% coarse grains into the ultra-fine grained microstructure. 
Moreover, they achieve a reduction of planar anisotropy by texture modification, using 
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asymmetrical rolling(ASR) with alternating directions(ALT), in two passes and annealing 
in salt bath at 350ºC for 2h, followed by water quench (named sheet-5 in paper), but 
without improvement of main r- value [Jin 2005]. Nevertheless, the reduction of planar 
anisotropy is important, because it reduces the “earing defect” on cup testing, which is 
verified on that paper by the standard cup testing (figure 6.3.1) performed on the new sheet 
and on the commercial AA5754. 
 
Figure 6.3.1 The cup height profiles of small earing cups drawn in fully recrystallized 
Sheet-5 (ASR-ALT-2passes) and a commercially processed AA5754 sheet [Jin 2005]. 
6.4 Partial conclusions 
Severe plastic deformation is a nice way to obtain a fine grained structure. The increase of 
plastic deformation produces decrease of grain size, increase of strength and decrease of 
the formability for material. However, increasing the deformation temperature leads to an 
increase of the formability. Both techniques are simple and easy to use; in the meanwhile 
the asymmetric rolling seems to be more adequate for industrial applications than ECAE. 
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In the present work we present several experimental methodologies that allow the 
interpretation of the physical mechanisms influencing the mechanical properties of metals 
and alloys under linear and complex loading. These methodologies result from the 
combination of mechanical testing, temperature variation and thermal treatments for 
different aluminum alloys and steels. 
For the study of strain rate sensitivity on AA5182-O we propose an experimental 
methodology based on combination of the uniaxial tension tests with temperature in order 
to map the domain of negative strain rate sensitivity. Such a methodology is based on the 
principle that temperature controls solute mobility and clustering rate. 
According to the results, the transition of the strain rate sensitivity parameter from a 
negative value to a positive one, the occurrence of serrated flow and the ductility and 
strength strongly depend on the deformation temperature. At temperatures higher than 
120oC, m depends on the strain rate differential and the plastic strain at which the 
measurements are performed. In the range of temperatures for which parameter m is 
positive, m increases drastically with plastic strain, e.g. in range of 12 % strain its initial 
value is multiplied by 7. In the negative temperature range, -80ºC to –120ºC, m stay near 
zero and positive while its evolutions are quite limited. The variation of m with 
temperature suggests that the activation energies for PLC at the low and the high 
temperature ends of the PLC range are different. The transition from positive to negative m 
is very gradual at T ~ -100oC, while at T ~ 100oC it is quite abrupt. 
The ductility follows the same trend as the strain rate sensitivity with lower ductility at 
temperatures corresponding to lower strain rate sensitivities. In the PLC range strain 
hardening is essentially independent of temperature. 
The characteristics of the solute structure were shown to be the reason for negative strain 
rate sensitivity of Al-Mg alloys. Dissolving all clusters that may exist in the material by 
annealing, gives an m value closer to zero and independent on strain. After equilibration at 
room temperature and therefore reorganization of the solute structure (i.e. cluster 
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formation), the SRS of the as-received material is recovered, while m is seen to change 
with strain. The effect of clusters accounts for almost 50% of the SRS parameter at low 
strains. 
A new experimental methodology based on the comparison between the mechanical and 
microstructural behaviors of a ferritic steel and a commercial purity aluminum, shown to 
be appropriate to analyze the transient hardening phenomenon occurring during reverse 
loading of metals. This materials selection was preferred because the two materials involve 
identical plastic processes at room temperature, but not at low temperature were the related 
dislocation substructures are quite different, a temperature drop does not modify 
substantially the f.c.c. aluminum substructure but drastically increases the friction stress 
and delays patterning of the b.c.c. steel. Consequently, strain reversal tests coupled to 
temperature changes in steel and aluminum should reveal the fundamental physical 
mechanisms responsible for the transient behavior pertaining to strain reversal tests. 
The comparison of the mechanical behavior of low carbon steel and AA 1050-O subjected 
to simple shear tests at constant temperature (i.e. room temperature or -120ºC) allow the 
following conclusions to be drawn: 
i) the increase of the stress level with decrease of temperature, is higher for steel, 
due to the higher friction stress that characterized b.c.c. metals at low temperature; 
ii) for low carbon steel the hardening rate decreases with decreasing temperature 
especially at low strains while for aluminum we verify the opposite; 
iii) during reverse loading, both materials present a characteristic transient 
behavior, namely a rounded yield point followed by a nearly flat transient plateau 
and a final branch that leads to the saturation stress, whatever the testing 
temperature. 
Jumps in temperature performed during sequential loading leads to the following 
conclusions: 
i) the strain hardening observed for continuous loading for low carbon steel is 
nearly unaffected by the temperature change.  
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ii) the strain hardening observed for continuous loading of aluminum is strongly 
sensitive to the temperature change. Specifically, in case of heating from -120º to 
room temperature, a small and possibly negative strain hardening rate is obtained. 
On opposite sense is the response of the material in case of cooling, namely a 
considerable positive hardening is recorded.  
iii) The transient behavior for the low carbon steel and aluminum depends as well 
on the temperature path. For steel, the length of the plateau is larger when the 
temperature is decreased and smaller if the temperature is increased, while for 
aluminum we observed a contrary tendency. 
The dislocation distribution and its evolution are material and temperature dependent. For 
the aluminium, a heterogeneous dislocation structure is observed at both temperatures. For 
the low carbon steel, the dislocation structure is strongly temperature dependent, namely at 
room temperature, a cell structure can be observed after a small strain and reinforced with 
an increasing strain level, whereas at low temperature, the dislocation distribution is 
initially far more homogeneous and it is only for large strains that a cell structure can be 
clearly seen.  
The physical process responsible for the transient stagnation of strain hardening is related 
to the nature of the dislocations generated during the prestrain and their evolutionary law 
during reloading. In other words, the mechanical behavior is controlled by individual 
interactions between the moving dislocations and the obstacles lying on their slip planes 
rather than to some cell structure evolution. Therefore, it is suggested to divide the 
dislocation density into two components that are related to the prestrain and reloading, 
respectively, to model the underlying processes. Moreover, a new model for 
polycrystalline metals under strain reversal at large strains proposed recently by Rauch et 
al. [Rauch 2007] is based on the present results.  
The improvement of strength and formability of metals is an unending subject. However, 
at this time, to accomplish this ambition, the grain refinement by equal channel angular 
extrusion and asymmetric rolling seem to be possible options. While the strength increases 
drastically through the Hall-Petch effect and work hardening effect, the formability of new 
material (i.e. new grain size, texture and structure) is improved just at high temperatures. 
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Even so, taking into account the simplicity of both techniques, the facility to control the 
change of strain path (i.e. by simple rotations of the billet or shape according to each 
techniques), the possibility to produce the shear texture (e.g. the increase of normal 
anisotropy was obtained by shear deformation through the entire thickness of the shape) in 
addition to their main objective, namely the refinement of the grain size by sever plastic 
deformations, make these procedures very attractive. Of course, in order to make these 
processes adequate for mass production further studies are necessary to carried out.  
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To support the highest priorities of the sheet metal manufacturing industry imposed by the 
contemporary environmental problems it is particularly important to look for lighter but 
safer materials. In the same time, as a result of competition market, their production cost 
should be as low as possible. Such conditions, i.e. high quality products manufactured with 
low costs, may be attained by optimizing the forming operations that produce the desired 
shape by plastic deformation of the material. 
The proposals for the futures researches are made on the perspective of improvement of the 
strength and formability of metals used in forming processes, and it is dedicated in 
particular to the materials used on the present work. Moreover, their properties 
improvement is suggest to be accomplished by grain refinement obtained through 
asymmetric rolling. Consequently, it is proposed to investigate the relationships between 
the microstructural properties of the grain size, grain structure, grain orientation 
distribution and macroscopic properties of strength and formability of each material. 
Furthermore being the microstructural properties depended on the various factors of rolling 
conditions, as for instance deformation geometry, friction between rolls and asymmetric 
rolling schedules, it should be possible to find the best conditions which leads to our 
materials improvement. Going further, the correct evaluation of the physical process which 
will govern the flow behaviour of new materials may allow creating a new model 
formulation, able to increase the performance of sheet metal forming simulations codes 
that play an essential role on the optimization of sheet metal forming processes.   
In particular, for grain refinement AA 5182 it is recommended to pay a special attention 
for controlling the strain rate sensitivity parameter since it was proved to be an indicator 
for PLC effect at macroscopic scale associated to dynamic strain ageing (DSA) at 
microscopic scale. Moreover, taking into account the experience of the present work (I am 
referring to chapter 4, where the experimental work connected to atomistic simulation 
leaded to a good results), it is believed that the atomistic modelling performed in 
connection to experimental work will provide a better understanding of the influence of 
grain size on DSA. For example, by analyzing the interaction of mobile solutes with 
mobile grain boundaries it is trying to identify possible new physics that may be used to 
control both solute and grain boundary mobility. 
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